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The lack of satisfactory drinking water is a global problem resulting in the 
widespread of water-transmitted diseases. Recently, photocatalytic oxidation (PCO) 
is accepted to be a promising technology for disinfection of wastewater. In 
photocatalytic disinfection, titanium dioxide (TiO?) absorbs energy from UV-A 
irradiation (wavelength < 380 nm) to form electron-hole pairs that react with oxygen 
and water molecules to form highly oxidative hydroxyl radical (•OH), attacking 
bacterial cells to attain its disinfection function. 
From the practical point of view, however, the use of artificial UV light for treatment 
of wastewater by PCO is expensive due to the requirement of the additional power 
supply. As a result, several photocatalysts that are capable of using visible light for 
PCO reactions were developed. It is known that about 43% of the total solar energy 
reaching the earth is visible light. Therefore, there is a great possibility of using solar 
energy for wastewater disinfection if visible light can be used in PCO reactions. 
In this study, the disinfection abilities of PCO using different photocatalysts, 
including sulphur-doped TiO? (S-Ti02)，copper(I) oxide-sensitized P25 (Cu20/P-25), 
silicon dioxide-doped Ti02 (SiCVTiO?) and nitrogen-doped TiOi (N-TiO:), under 
visible light irradiation were studied. Four bacteria isolated from the Shatin Sewage 
Treatment Works (Hong Kong Special Administrative Region, China) were used to 
study the PCO disinfection on wastewater bacteria. They included two 
Gram-negative bacteria, Salmonella typhimurium and Klebsiella pneumoniae, and 
two Gram-positive bacteria, Bacillus thuringiensis and Bacillus pasteurii. 
Different intensities of visible light were provided by three different light sources, 
ii 
including fluorescent lamps (5 mW/cm )，solar lamps (50 mW/cm ) and sunlight 
(153.03 mW/cm^). Results showed that by increasing the visible light intensity, PCO 
disinfection efficiency was increased. Among the four modified photocatalysts used 
in this study, Cu20/P-25, S-TiOi and N-TiO? were found to be capable of absorbing 
visible light for PCO disinfection, while SiCb-TiO? did not. Optimization of PCO 
conditions was done to increase the disinfection efficiency of PCO under visible light 
irradiation. Under the optimized conditions, complete inactivation of typhimurium, 
K. pneumoniae, B. thuringiensis and B, pasteurii was achieved after 30, 120, 300 and 
360 min of PCO reaction respectively. 
Transmission electron microscopy (TEM) was used to study the structural changes of 
S. typhimurium and K. pneumoniae during PCO reaction under optimized conditions. 
Appearance of electron-translucent regions in the cytoplasm, followed by the 
destruction of cell wall structure, was observed. These findings supported the cell 
membrane as the primary target site for the attack of •OH during PCO reaction. 
In addition, different bacteria showed different susceptibilities towards photocatalytic 
disinfection. The ability for B. thuringiensis and B. pasteurii to form spores was 
found to be one of the reasons for their high resistances upon photocatalytic 
disinfection. Besides, superoxide dismutase (SOD) and catalase (CAT) activities in 
the four bacteria were also believed to affect the susceptibility of different bacteria. A 
general trend was found in which the lower the activity of these enzymes, the more 
bacterial inactivation was resulted by photocatalytic disinfection. However, this 
correlation was not strong in results of this study. There were other factors affecting 





光催化作用（photocatalytic oxidation, PCO)已被接受爲一個有前景的污水消毒 
技術。在光催化作用中，二氧化欽（titanium dioxide，Ti02)吸收紫外光（波長少 
於3 8 0 nm)照射的能量’形成光生電子和光生空穴（electron-hole pairs)，繼而 









oxide-sensitized P25, Cu20/P-25)�二氧化桂/二氧化駄摻雜物（silicon dioxide-
doped Ti02，Si02-Ti02)和氮/二氧化鈦摻雜物（nitrogen-doped TiO:, N - T i O z ) �另 
外，本硏究使用了四種來自香港沙田污水處理廠的污水細菌作爲光催化作用的 
消毒對象，其中包括了兩種革蘭氏陰性細菌，分別是鼠傷寒沙門氏菌 
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1. Introduction 
1.1 Importance of water disinfection 
Water crisis is a problem faced by the whole world. About 15% of the world's 
population (more than one billion people) does not have access to enough fresh water 
to satisfy their daily needs (Gleick, 2004). The lack of satisfactory drinking water 
results in widespread water-transmitted diseases (Wegelin et al, 1994; Salih, 2002). 
For example, the United Nations reported 4.37 billion cases of diarrhea annually in 
2000 (Gleick, 2004). Campylobacter spp.，Salmonella spp.，Shigella spp. and 
Escherichia coli are some common bacteria found in water that may cause illnesses 
through ingestion (World Health Organization (WHO), 2005). Thus, wastewater 
containing numerous pathogenic microorganisms poses potential risks for public 
health and the environment (Howard et al., 2004). An example in Spain found that 
the serotypes of Salmonella spp. isolated from freshwater environmental sources 
corresponded with the serotypes found in clinical cases (Polo et al, 1999)， 
underlining the importance of the connection between water quality and public 
health. 
Waterbome diseases are usually associated with lack of improvement in domestic 
water supply and adequate sanitation (Villen et al., 2006), especially in developing 
countries where many of the available water sources are not potable without 
treatments (Rincon and Pulgarin, 2004a). Therefore, to eliminate the risks caused by 
various pathogens in drinking water, development of an efficient way of water 
disinfection is important to improve the water quality, as well as human health. 
Different kinds of water disinfection methods have been adopted to combat this 
problem, but each of them possesses its own benefits and limitations. 
1 
1.2 Conventional disinfection methods 
1.2.1 Chlorination 
Chlorination was accepted to disinfect drinking water in early 1900s and it has 
dramatically reduced the incidence of waterbome diseases and improved the quality 
of life (Ellis, 1991). It has now become the universally practiced water disinfection 
process in preventing waterbome infectious diseases (Sun et al,’ 2003). The main 
advantages of using chlorination for water disinfection include its low operational 
cost, low dosages and contact time in a broader range of pH (Huang et al” 1997). It 
is also reasonably efficient and easy to handle. Moreover, chlorine persists in water 
as residual chlorine after dosing and this helps to minimize the effects of 
re-contamination by inactivating microbes which may enter the water supply after 
chlorination (WHO, 2000b). 
When chorine (CI2) is added to water, hypochlorous acid (HOCl) is produced within 
a second or less (WHO, 2000a): 
CI2 + H2O 一 HOCl + H+ + Cr (Equation 1.1) 
Hypochlorous acid is a weak acid that dissociates partially in water to produce 
hypochlorite ion (OCT) as follows (WHO, 2000a): 
HOCl — H+ + OCr (Equation 1.2) 
The sum of hypochlorous acid and hypochlorite ion refers to free chlorine and they 
are responsible for the inactivation of microorganisms by altering cell permeability to 
cause leakage of cytoplasm and oxidizing nucleic acids and proteins (Haas and 
Engelbrecht, 1980). 
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Despite its major advantages, chlorination may lead to the formation of carcinogenic 
and mutagenic disinfection by-products (DBFs) in the presence of organic matter 
naturally found in wastewater (Belhacova et al., 1999; Das, 2002; Kim et al., 2002). 
These DBFs include trihalomethanes (THMs), halogenated acetic acids (HAAs) and 
chlorinated phenols which are considered as potential human carcinogens even at 
low concentration (Lee et al., 2001). Besides, chlorination showed poor inactivation 
efficiency to spores, cysts and some viruses at low dosages used for bacterial 
coliform removal. Its efficiency is also affected by the presence of nitrite and 
suspended solid concentrations (Sun et al； 2003). 
1.2.2 Ozonation 
Ozonation is becoming more widely used for wastewater treatment. It can rapidly 
react with organic and inorganic contaminants and shows a strong sterilizing and 
disinfecting effect (Arana et al” 2002). It is even more effective than chlorine in 
inactivating Cryptosporidium oocysts and viral agents (WHO, 2000a). Another 
advantage is that there is no need to remove any harmful residuals after ozonation 
because ozone will decompose to elemental oxygen in a short period of time after 
generation (United States Environmental Protection Agency, USEPA, 1999). 
Ozone (O3) is an unstable gas which is only slightly soluble in water. It decomposes 
in water to form hydrogen peroxy ('OzH) and hydroxyl (-OH) radicals. These free 
radicals have great oxidizing capacity and play an active role in the disinfection 
process. It is generally believed that bacteria are destroyed because of protoplasmic 
oxidation resulting in cell wall disintegration, i.e. cell lysis (USEPA, 1999). 
However, the production of DBFs during ozonation causes risks to human health. 
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By-products of ozonation that have been identified include formaldehyde and other 
aldehydes, carboxylic acids, hydrogen peroxide, bromate，bromomethanes, 
brominated acetic acids, brominated acetonitriles and ketones (WHO, 2000b). 
Moreover, unlike chlorine, ozone does not leave a residual effect in water as it is 
unstable and ready to decompose. Recontamination of water during distribution may 
occur. 
To improve the disinfection efficiency and at the same time retaining the residual 
effect, chlorination incorporated with ozonation has been used for disinfection 
purpose. The use of mixed disinfectants has greatly improved the disinfection 
efficiency for bacteria and viruses (Szal et al., 1991; Abamou et al., 1992). However, 
the high cost in capital and power intensiveness has restricted ozonation from being 
widely employed (Sun et al., 2003). 
1.2.3 Ultraviolet-C (UV-C) irradiation 
UV-C radiation using a wavelength of light at around 254 run has been used fairly 
extensively for disinfection of small community water supplies. It is normally 
achieved by passing the water through the tubes that lined with UV lamps, giving an 
efficient disinfection for a contact time of a few seconds (WHO, 2000b). UV-C 
irradiation causes the adjacent thymine bases on a DNA strand to form a thymine 
dimmer, blocking the synthesis of proteins and replication of DNA helix during cell 
division cycle (Dandliker et al., 1997; Blake et al., 1999). 
Disinfection with UV-C irradiation provides a high rate of sterilization at room 
temperature (i.e. about 25°C), without giving rise to undesirable tastes or odours 
(Kim et al., 2003). There is also no requirement for consumable chemicals and there 
4 
is no danger of over-dosing. However, the DNA-lesions caused by UV-C radiation 
are repairable by photoreactivation of bacteria, in which repair enzymes are activated 
by light with wavelength of 330-480 run to split the thymine dimmers. The recovery 
processes cause substantial elevation in the number of viable bacteria after UV-C 
irradiation (Larson and Berenbaum, 1988; Carrell, 1995; Liltved and Landfald, 2000). 
The efficiency of UV disinfection is dependent on the intensity and wavelength of 
the irradiation and the exposure of the microorganisms to the radiation. Therefore, it 
requires the water under treatment to be of consistently high clarity (WHO, 2000b). 
Moreover, UV-C irradiation does not leave a residual effect in the water (de Veer et 
al., 1994). The equipment and consumables are expensive and UV-C radiation is 
hazardous to human health (Kiihn et al., 2003). 
1.2.4 Sunlight irradiation 
Sunlight is one of the promising ways of water disinfection. It has been shown that 
exposure of water to sunlight for a given period of time results in satisfactory 
disinfection (Davies-Colley et al” 1994; Joyce et al” 1996; Reed, 1997; McGuigan et 
al” 1999). Since UV radiation occupies 3-5% of total solar energy (Awate et al., 
2005; Yu et al” 2005; Hu et al.’ 2006), it is believed that one of the mechanisms of 
sunlight disinfection is attributed to the production of reactive oxygen species by 
UV-A (315-400 nm) photosensitization of oxygen in water, while UV-B (280-315 
nm) radiation causes direct DNA damage by inducing the formation of DNA 
photoproducts (Rincon and Pulgarin, 2004b). Another mechanism is thermal 
inactivation which relies on the heating effect of sunlight. Solar radiation causes a 
pasteurizing effect at temperature higher than 45-50°C, which is able to cause 
disinfection (Wegelin et al., 1994; McGuigan et al” 1999). The elevated temperature 
and the solar radiations result in a synergistic interaction of solar disinfection. 
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Solar disinfection bears the advantage of low cost as sunlight is a renewable resource. 
However, a long time is required to optimize disinfection, in addition to the daily and 
seasonal variation in sunlight intensity (Salih, 2002). Moreover, solar disinfection is 
only effective for water with low levels of turbidity while the volume of water under 
treatment is also limited (Rincon and Pulgarin, 2004b). Thus, it is not a practical way 
for large-scale water disinfection treatment. 
1.2.5 Others 
Beside the common disinfection methods mentioned above, there are other ways of 
water disinfection. Boiling water to 100°C can inactivate most of the microorganisms, 
but it requires combustible materials which are not always available and it is only 
applicable to very small volume of water (Villen et al.’ 2006). Another water 
treatment technology is reverse osmosis (RO). It possesses the advantages of the 
absence of bacterial regrowth and residual toxicity (Sun et al.’ 2003). Nevertheless, 
its performance is critically influenced by the variations in wastewater quality, thus 
requiring a highly efficient pre-treatment step (Sun et al” 2003). 
Other physicochemical processes, such as activated carbon adsorption, coagulation, 
and multimedia sand filtration, have also been used for removing microorganisms in 
water (Sun et al.’ 2003). However, these methods are only separation processes that 
remove the contaminated substances from water to another solid form. Further 
treatment and disposal are required which increases the cost for water treatment (Sun 
et al, 2003). 
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1.3 Photocatalytic oxidation 
Recently, photocatalytic oxidation (PCO) has been accepted as a promising way of 
water disinfection. Compared with other conventional disinfection methods, PCO has 
the advantages that it does not require the addition of consumable chemicals and 
does not produce hazardous waste products (Dunlop et a!., 2002). Extensive 
researches have been carried out which successfully proven that PCO is effective in 
inactivating microorganisms, including bacteria, viruses, algae, fungi and bacterial 
spores. Some examples are listed in Table 1.1. 
PCO is a kind of advanced oxidation processes (AOPs) which are characterized by 
the production of hydroxyl radical (•OH) (Hoffmann et al” 1995). In general, AOPs 
can be divided into homogeneous and heterogeneous processes. A typical 
homogeneous AOP is the Fenton reaction: 
Mn+ + H2O2 — M(n+i)+ + OH" + •OH (Equation 1.3) 
where M is a transitional metal such as iron (Fe). 
Photoinduced APOs involve the use of UV light to drive the oxidation process for 
the generation of •OH. Examples of photoinduced homogeneous system include 
hydrogen peroxide (UV/H2O2), ozone (UV/O3) and Photo-Fenton system 
(UV-vis/Fe3+/H202) (Rincon and Pulgarin, 2005). On the other hand, PCO can be 
classified as a photoinduced heterogeneous system of AOPs. 
7 
Table 1.1 Microorganisms can be inactivated by PCO process. 
Species References 
Bacteria Enterobacter cloacae Ibanez et al., 2003 
Enterococcus faecium Kiihn et al., 2003 
Escherichia coli Butterfield et al., 1997 
Christensen et al, 2003 
Legionella pneumophila Cheng et al.，2007 
Micrococcus lylae Yu et al., 2005 
Pseudomonas aeruginosa Amezaga-Madrid et al., 2002 
Staphylococcus aureus Kiihn et al., 2003 
Streptococci spp. Saito et al.’ 1992 
Vibrio parahaemolyticus Kim et al” 2003 
Viruses Phage Qp Lee et al., 1997 
Poliovirus 1 Watts et al, 1995 
Algae Chlorella vulgaris Matsunaga et al., 1985 
Fungi Aspergillius niger Seven et al., 2004 
Candida albicans Seven et al., 2004 
Bacterial spores Bacillus cereus spores Vohra et al” 2005 
Clostridium perfringens spores Butterfield et al., 1997 
1.3.1 Reactions in PCO 
A semiconductor is required as a photocatalyst in the PCO process. The most 
commonly used photocatalyst is titanium dioxide (Ti02). Ti02 absorbs energy from 
UV-A irradiation with wavelength less than 380 nm to generate •OH through a series 
of charge carriers (electron-hole pairs) mediated reactions with water and oxygen 
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molecules (Saito et al., 1992; Hoffmann et al” 1995; Maness et al., 1999; Kim et al., 
2003). A simplified description of the process is shown in Figure 1.1. During the 
PCO process, •OH and other highly reactive oxidative species (ROS) are produced. 
These powerful oxidizing agents are very reactive in oxidizing organic substances 
and highly destructive towards microorganisms to attain disinfection function 
(Hoffmann et al., 1995; Rincon and Pulgarin, 2005). 
O2 
UV}.<380nm ^ \ 
1 \ N 丨 recombmation 1 
\ I e-excitation Ti02 • ) 
H2O/OH" 
Figure 1.1 A simplified diagram illustrating the production of hydroxyl radical on 
titanium dioxide in PCO process. 
When a photon with energy higher than the band gap energy of TiOi strikes onto the 
Ti02 particles, an electron in Ti02 particles is excited from valence band to the 
conduction band, forming an electron-hole (e'ce/hvE^) pair on the surface of TiO� 
(Saito et al., 1992; Hoffmann et al., 1995; Blake et al., 1999; Maness et al, 1999). 
Ti02 + hv h+vB + e'cB (Equation 1.4) 
The excited electron may return to the valence band, causing a recombination of the 
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electron-hole pair. Energy is released as heat during this process (Wei et al., 1994). 
In the presence of oxygen and water, however, a series of reactions leading to the 
formation of ROS may occur instead of recombination of the electron-hole pair. The 
valence band hole has a very positive reduction potential and is capable of reacting 
with some electron donors such as water or hydroxide ion to produce -OH (Mills and 
Le Hunte, 1997; Dunlop et al., 2002). 
h+vB + OH' -> -OH (Equation 1.5) 
h+vB + H2O — •OH + H+ (Equation 1.6) 
On the other hand, the excited electron on the conduction band reacts with oxygen to 
generate superoxide radicals (•O2"). A series of reactions further occur, leading to the 
formation of-OH. (Belhacova et al.’ 1999; Cho et al.’ 2004). 
e'cB + 0 2 — •Oi' (Equation 1.7) 
ecB + •O2" + 2 H+ — H2O2 (Equation 1.8) 
2 •02' + 2H+ — H2O2 + O2 (Equation 1.9) 
•O2" + H2O2 — -OH + OH- + O2 (Equation 1 .10) 
e'cB + H2O2 •0H + OH" (Equation 1.11) 
During PCO process, several ROS are generated, such as •O2', •OH and H2O2. 
Among these ROS, 'OH is as reactive as •O2' and it is believed to be responsible for 
the toxic effect towards microorganisms and the oxidation of organic substances 
(Blake et al.’ 1999; Vohra et al； 2005; Rincon and Pulgarin, 2007). This is supported 
by a study of Ireland et al. (1993), in which no inactivation of E. coli was resulted in 
1 0 
the presence of •OH scavenger. In addition, a linear correlation was found between 
the inactivation of E. coli and the -OH concentration (Cho et al., 2004). The high 
reactivity of •OH is due to its very high standard electrode potential, 2.70 V (Watts et 
al., 1995), making it a much stronger oxidant than the conventional disinfectants, 
like CI2 and O3 (Bobu et al., 2006). Nevertheless, •OH is so active that it has a very 
short life-span (Blake et al., 1999). The average diffusion distance is only a few 
nanometers (Fair and Kogoma, 1991). 
Compare with •OH，•O2" is more long-lived, but it cannot penetrate through the cell 
membrane as it is negatively charged. So both •OH and •O2" interact imtnediately 
with the outer surface of an organism upon their production on the Ti02 surface. On 
the other hand, although H2O2 is less detrimental, it can enter the cell and be 
activated by ferrous ion via the Fenton reaction (Equation 1.3) (Blake et al., 1999). 
Therefore, all the ROS produced in PCO play a role for the disinfection effects. 
1.3.2 Disinfection mechanism of PCO 
Several possible mechanisms for cell inactivation by PCO have been proposed. The 
earliest one was suggested by Matsunaga et al (1985). In their study, a loss of 
intracellular coenzyme A (CoA) and a simultaneous decrease of respiratory activity 
in a yeast, Saccharomyces cerevisiae, were found when exposed to light and 
platinized Ti02 (Ti02/Pt). Matsunaga et al. (1985, 1988) suggested that the positive 
hole in the valence band of Ti02 received an electron from intracellular CoA as a 
donar, oxidizing the CoA to its dimeric form. The authors believed that it was the 
root cause for the decrease of respiratory activity, which ultimately led to cell death 
(Matsunaga et al., 1985, 1988). 
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Further studies have found evidences for the leakage of cell contents. Saito et al. 
(1992) discovered a rapid leakage of potassium ions (K+) from Streptococcus 
sobrinus upon illumination with TiO� . The leakage kinetics of K+ was found to be 
coincided with the cell death. When illuminated with a longer time, some larger 
molecules, like proteins and RNA, also released, indicating the damage of cell 
membrane. Broken cell walls of S. sobrinus were also observed under transmission 
electron microscopy (TEM) after photocatalytic reaction (Saito et al., 1992). Another 
study using human malignant cell, T-24, also showed a leakage of intracellular 
calcium ions (Ca^ "^ ) when irradiated with Ti02 (Sakai et al., 1990, 1994). It was 
suggested that cell death was due to the attack of the unsaturated lipid membrane by 
ROS generated from the photo-excited Ti02. 
A more direct evidence of membrane damage was provided by Sunada et al. (1998), 
who found a destruction of endotoxin from E. coli under Ti02 photocatalytic reaction. 
Endotoxin is an integral part of the outer membrane of Gram-negative bacteria and is 
released only when the intact cellular structure is destroyed. This finding indicated 
that the outer membrane of E. coli was being destroyed by the PCO process (Sunada 
et al., 1998). 
Later, Maness et al. (1999) proposed the concept of lipid peroxidation to be the 
underlying mechanism of PCO disinfection. In their study, an exponential increase in 
the production of malondialdehyde (MDA), a product of lipid peroxidation, by E. 
coli was observed under irradiation with TiOz, and the kinetics of this process was 
found to be paralleled to the cell death. At the same time, a loss of cell respiratory 
activity was also detected. Maness et al. (1999) thus concluded that TiO� 
photocatalysis promoted peroxidation of the polyunsaturated phospholipids 
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component of the lipid membrane. The breakage of the main permeability barrier of 
bacteria causes leakage of intracellular materials (including RNA, protein and 
minerals) and the loss of membrane-dependent respiratory activities. This accounts 
for the loss of cell viability and eventually death of bacterial cells is resulted. Cell 
wall destruction was believed to be a secondary phenomenon after the loss of cell 
viability (Maness et al., 1999). 
Peroxidation of lipids caused by ROS has been discussed from previous studies. ROS 
attacks on an unsaturated fatty acid to form a lipid radical, which can undergo 
cleavage of C-C bonds to generate products which are shorter than the initial fatty 
acid (Fair and Kogoma, 1991). When fatty acid chains become shortened, their 
ability to rotate within the membrane is altered and the membrane becomes more 
fluid, directly resulting in a loss of structural integrity (Fair and Kogoma, 1991). 
Structural integrity is required for transport of most nutrients and prevention of 
osmotic imbalance. So the loss of structure integrity will destroy the proton gradient 
across the cell membrane, and the internal pH will drop. At the acidic condition, 
equilibrium between •O2" and hydroperoxyl radicals (-OOH) will shift to the right, 
which likely to cause further oxidative damage (Fair and Kogoma, 1991). 
Recently, Kiihn et al. (2003) used scanning electron microscopy (SEM) to examine 
the cell surface of Candida albicans after TiOz photocatalytic reaction. The cells 
were found to become grainy and crumbled, while the surfaces of the cells become 
furrowed and dilapidated (Kiihn et al., 2003). These findings supported the 
assumption of an initial attack by the highly reactive •OH from the cell wall and/or 
cell membrane. Atomic force microscopy (AFM) imaging and fluorescence 
measurements of quantum dots entry to the cells were applied in a study by Lu et al. 
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(2003), which proved the immediate decomposition of the cell wall and a further 
damage of cell membrane. Cheng et al. (2007) used TEM and SEM to study the 
morphological changes of Legionella pneumophila during PCO. TEM images 
showed that in the early stage of PCO treatment, some electron-translucent portions 
were observed in cytoplasm and the outer membrane of the cell wall became creased. 
This indicated that the outer and cell membranes were the primary target site for 
PCO inactivation, confirming the important role of lipid peroxidation of these 
membranes by PCO in the first phase of inactivation (Cheng et al., 2007). 
1.3.3 Photocatalysts 
Photocatalyst and light irradiation are two essential components required to initiate 
the generation of ROS in PCO. The photocatalyst is a semiconductor which can 
absorb light at certain wavelength. Excitation of electrons can only be caused if the 
applied light has a higher energy than the band gap energy of the semiconductor. 
Therefore, different photocatalysts require different wavelength of light in 
photocatalytic disinfection. 
1.3.3.1 Titanium dioxide (TiOz) 
Numerous studies of PCO have been conducted using TiO: as the photocatalyst. The 
P-25 formulation (Degussa Corporation, Frankfurt, Germany) (Plate 1.1) is the most 
commonly used one because it has the advantages that it is non-toxic (Belhacova et 
al., 1999), non-expensive (Watts et al., 1995), chemically stable (Hu et al., 2001b), 
resistant to photoreaction (Saito et al., 1992), yet it has a high photocatalytic activity 
under UY-A irradiation (Hu et al., 2001b). 
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Plate 1.1 Appearance of titamium dioxide P-25. 
P-25 has an average particle size of 30 nm (Hoffmann et aL, 1995; Chiang et al., 
2002), a BET surface area of about 50 m^/g (Blake et al, 1999) and an isoelectric 
point at 6.5 (Rincon and Pulgarin, 2004a). This formulation of TiO� is a mixture of 
crystalline phases with an approximate composition of 75% anatase and 25% rutile 
(Blake et al, 1999; Meng et cd., 2002). The band gap energy of anatase is 3.2 eV 
while that of rutile is 3.0 eV (Sclafani et al., 1990). Thus the band gap energy of P-25 
is usually regarded as 3.2 eV and it requires UV light with wavelength less than 380 
nm (e.g. UV-A) for excitation (Wang et al., 2004). 
1.3.3.2 Modification of TiO� 
Although PCO using Ti02 as a photocatalyst showed a powerful disinfection effect 
towards microorganisms as well as removal of organic substances, Ti02 has the 
limitation that it is only effective under UV light irradiation (Ohno et al., 2004). The 
use of artificial UV light is rather expensive due to the additional power supply 
(Awate et al” 2005). This increases the cost of PCO disinfection process and makes 
it not practical for the use in water treatment especially in those developing countries 
15 
where safe and reliable drinking water in not available all year around (Conroy et al., 
1996, 1999, 2001). It is known that visible light (400-700 nm) occupies a large part 
of the solar spectrum, which accounts for about 43% of the solar energy (Hu et a!., 
2006). The cost can be lowered if we can switch to use visible light as the light 
source in PCO disinfection. Therefore, photocatalysts that are capable of using 
visible light for excitation becomes a hot area of development. 
Modifications of TiC^, making it capable of absorbing visible light, had been studied. 
There are commonly two ways of modifications. The first method is called 
sensitization, in which the sensitized materials are coated onto the surface of TiO� . 
Previous research showed that there was an increase in catalytic activity of TiCh 
when loaded with silver (Alberici and Jardim, 1994) as the silver particles act as 
electron traps by trapping electrons produced in electron-hole pairs (Stathatos et al., 
2001). Some dye-sensitized Ti02 were also found to be effective in inhibiting the 
growth of E. coli under visible light irradiation (Yu et al., 2003). The dye molecule 
absorbed visible light and then injected the electron to the conduction band of TiCh, 
making PCO possible to occur under visible light (Yu et al., 2003). 
Another method of modification is called doping, in which the dopant was 
introduced to the lattice of TiO!. Recent studies found that non-metal doping can 
narrow the band gap energy of TiO〗，making it capable of absorbing visible light 
(Asahi et al.’ 2001). For example, carbon-doped Ti02 showed efficient 
photochemical splitting of water under visible light (Khan et al., 2002) and sulphur 
anion-doped Ti02 was used for visible light photocatalytic degradation of methylene 
blue (Umebayashi et al., 2003). 
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In the present study, four modified Ti02 photocatalysts were used to study their 
disinfection abilities on wastewater bacteria under visible light irradiation. They 
include sulphur cation-doped Ti02 (S-TiO�)，copper(I) oxide-sensitized P-25 
(CU2O/P-25), silicon dioxide-doped TiO�（SiCVTiO�）and nitrogen-doped TiCh 
(N-Ti02). 
1.3.3.2.1 Sulphur cation-doped TiOz (S-TiOj) 
In sulphur-doped TiO�，sulphur can be doped as anion or cation, depending on the 
preparation route. For the S-TiOi used in this project, sulphur was doped as cations 
(S6+) and replaced Ti^ ions in the S-TiO� photocatalyst (Ohno et al, 2004; Yu et al.’ 
2005). It is believed that non-metal-doping can result in the narrowing of band gap 
energy of Ti02, enabling it to be excited under visible light (Umebayashi et al., 2002; 
Yu et al., 2005). The appearance of this photocatalyst was shown in Plate 1.2. 
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Plate 1.2 Appearance of sulphur cation-doped Ti02 (S-Ti02). 
The molar ratio of S to Ti in S-Ti02 is about 1:20. The crystal size of S-Ti02 is 8.5 
nm, which is smaller than that of pure TiO�，while the BET surface area of S-Ti02 is 
113.4 m^/g, which is larger than pure Ti02 (Yu et al., 2005). The larger surface area 
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can provide more space for the PCO reaction to occur. In addition, all S-TiO: is of 
anatase crystalline phase (Yu et al., 2005). Anatase provides a better photocatalytic 
activity as rutile is a very poor photocatalyst owing to its higher electron-hole pair 
recombination rate (Sclafani et al., 1990; Aita et al.’ 2004). 
1.3.3.2.2 Copper(I) oxide-sensitized P-25 (Cu20/P-25) 
CU2O/P-25 composed of a layer of CU2O on the surface of TiO: P-25. The band gap 
energy of CU2O is lower than that of TiO�，which is only 2.0 eV, thus it can generate 
photocatalytic activity under visible light irradiation (Sakata et al., 1998). The molar 
ratio of Cu to Ti in Cu20/P-25 is 1:5. The shape and crystal size of Cu20/P-25 
resembled that of unmodified P-25, which is about 30 nm. The appearance of 
CU2O/P-25 is shown in Plate 1.3. 
Plate 1.3 Appearance of copper(I) oxide-sensitized P-25 (Cu20/P-25). 
1.3.3.2.3 Silicon dioxide-doped TiO: (SiOz-TiO】） 
Si02-Ti02 is surface bond-conjugated through Ti-O-Si cross-linking bonds (Yu and 
Wang, 2000; Hu et al, 2001b, 2003). Si02 has a good light transmission and does 
18 
not possess a charged framework, so it is used to act as a support for Ti02 (Hu et al” 
2001b). Plate 1.4 shows the appearance of SiC^TiO:. 
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Plate 1.4 Appearance of silicon dioxide-doped TiO�（Si02-Ti02). 
The molar ratio of Si to Ti in Si02-Ti02 is about 7:3. It has a BET surface area of 
about 350 m^/g and the pore size of about 5 nm. The particle size is 100-200 mesh 
and the crystalline size is about 20 nm (Hu et al., 2001b). In addition, its isoelectric 
point is 3.0 (Hu et al., 2001a). Si02-Ti02 has an advantage over P-25 that it has a 
sedimentation rate much faster than P-25, allowing an easier separation of the 
photocatalyst from the treated sample. It was found that Si02-Ti02 decanted from the 
suspension in about 3 min, while P-25 did not decant after 3 days (Hu et aL, 2001b). 
This helps overcome the drawback of TiO� that forms milky suspension after mixing 
with water, which requires expensive liquid-solid separation (Hu et al., 2001b). 
1.3.3.2.4 Nitrogen-doped TiOi (N-TiCh) 
Nitrogen is doped into the lattice of Ti02, substituting the oxygen lattice on TiO】， 
leading to a band gap narrowing, which results in high visible absorption (Belver et 
al., 2006; In et al, 2006). N-Ti02 showed photocatalytic activity under both UV and 
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visible light illumination (Tokudome and Miyauchi, 2004). Plate 1.5 shows the 
appearance of N-TiO�. 
Plate 1.5 Appearance of nitrogen-doped Ti02 (N-TiOi). 
The molar ratio of N to Ti in N-Ti02 is 10:1. The BET surface area of N-TiO: is 
about 95 m^/g and the crystalline size is about 15 nm (In et al； 2006). Its isoelectric 
point ranged from 2.92 to 3.04, depending on the preparation conditions (Joung et al., 
2006). 
1.4 Bacterial defense systems against oxidative stress 
ROS are very small molecules which are highly reactive due to the presence of 
unpaired valence shell electrons. They are generated as an un-avoidable byproduct of 
normal aerobic metabolism by employing oxygen as a terminal electron acceptor 
during oxidative phosphorylation (Demple, 1991; Farr and Kogoma, 1991). As a 
result, all organisms using aerobic respiration as their energy generation pathway are 
exposed to oxidative stress due to excessive generation of ROS. Other sources of 
ROS generation include ionizing radiation (Szpilewska et al., 2003), the Fenton 
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reaction (Equation 1.3) and the formation of •OH by photocatalytic oxidation 
(Maness et al., 1999). 
ROS cause damage to macromolecular constituents, such as DNA, RNA, lipids and 
proteins (Demple, 1991; Farr and Kogoma, 1991; Martinez and Kolter, 1997; 
Bruno-Barcena et al.’ 2004; Rochat et al, 2005). Therefore, all organisms prevailing 
in the aerobic atmosphere have evolved a protective mechanism to scavenge ROS 
(Blake et al, 1999). Most bacteria employ antioxidant enzymes, such as superoxide 
dismutase (SOD) and catalase (CAT), as their defense mechanism against oxidative 
stress. 
Superoxide dismutase (SOD) is a metalloenzyme that catalyzes the conversion of 
superoxide radicals into hydrogen peroxide and oxygen (Equation 1.12). 
•O2" + -02" + 2H+ 4 H2O2 + O2 (Equation 1.12) 
There are three forms of SOD distinguished by their metal center, including 
manganese (MnSOD), iron (FeSOD) and copper-zinc (CuZnSOD) (Bruno-Barcena 
et al., 2004). The metal centers are transitional metals which facilitate electron 
transfer. The three enzymes are found across a broad range of organisms, which can 
use one, two or all three enzymes to meet their antioxidant needs (Bruno-Barcena et 
al” 2004). MnSOD and FeSOD are commonly found in bacteria while CuZnSOD is 
found in almost all eukaryotes (St. John and Steinman, 1996). In E. coli, FeSOD is 
distributed along the periphery of the cytoplasm close to the inner membrane to 
dissipate any radicals produced from aerobic respiratory pathways. On the other hand, 
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MnSOD is more abundant in the central region of the cell in order to protect DNA 
from damage caused by oxidants (Fair and Kogoma, 1991; Blake et al., 1999). 
Another common antioxidant enzyme is catalase (CAT). It is also a metalloezyme 
which catalyzes the conversion of H2O2 into water and oxygen (Equation 1.13). 
H2O2 + H2O2 2H2O +O2 (Equation 1.13) 
Two classes of catalase have been distinguished according to their active-site 
composition. They are haem-dependent catalase and manganese-dependent catalase 
(also called pseudocatalase) (Rochat et al,, 2005). 
In the absence of catalase, H2O2 formed by the action of SOD would accumulate, 
leading to the production of more toxic hydroxyl radicals. However, bacteria 
containing both SODs and catalase can defense oxidative stress by removing the 
superoxide radicals and hydrogen peroxide, thus preventing further formation of 
hydroxyl radicals (Imlay, 2003). Since inactivation of bacterial cells by PCO relies 
on the action of -OH and other ROS, the presence of SOD and CAT may affect the 
susceptibility of different bacteria towards PCO disinfection. Therefore, in the 
present study, SOD and CAT activities of different wastewater bacteria were 
determined and compared with the efficiency of PCO disinfection. 
1.5 Bacterial species 
Four wastewater bacteria were selected as the disinfection targets in this study. They 
were isolated from the samples (including return sludge and foam) collected from the 
Shatin Sewage Treatment Works (SSTW) (Hong Kong SAR, China) by our 
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laboratory in 2001. SSTW is the largest sewage treatment works in Hong Kong 
which covers an area of about 200,000 m^. It is a secondary sewage treatment plant 
serving the Shatin New Town, Ma On Shan New Town and the surrounding villages. 
Bacteria were isolated from the collected samples, characterized and identified by 
MIDI Sherlock System in our laboratory. Four of them were found to be UV-A 
resistant and selected as the targets for studying the disinfection of wastewater 
bacteria by PCO process. They were Salmonella typhimurium, Klebsiella 
pneumoniae. Bacillus thuringiensis and Bacillus pasteurii. 
1.5.1 Salmonella typhimurium (Popoff and Le Minor, 2005) 
S. typhimurium is a Gram-negative and facultative anaerobic bacterium, conforming 
to the general definition of the Enterobacteriaceae. The cells are in straight rods of 
0.7-1.5x2.0-5.0 and the colonies on agar plate are generally 2-4 mm in diameter. 
S. typhimurium is ubiquitous. It is pathogenic to humans, which causes enteric fevers, 
gastroenteritis and septicemia. It may also infect many animal species besides 
humans. The colonies of S. typhimurium are shown in Plate 1.6. 
國 
Plate 1.6 Colonies of Salmonella typhimurium on nutrient agar plate. 
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Salmonellosis is an infection with Salmonella bacteria. It is transmitted from person 
to person through fecal contamination of water and food, while S. typhimurium is 
mainly responsible for food-borne infections. The incidence of salmonellosis is 
higher in developing countries with poor hygiene. After recovery, some patients, 
although asymptomatic, remain carriers for weeks, months or years, contributing to 
the dissemination of salmonellosis. 
1.5.2 Klebsiella pneumoniae (Grimont and Grimont, 2005) 
K. pneumoniae is a Gram-negative bacterium, belonging to the family of 
Enterobacteriaceae. It is a facultative anaerobic bacterium. The cells are straight 
rods of 0.3-1.0x0.6-6.0 |im, arranged singly, in pairs or short chains. The outermost 
layer of Klebsiella bacteria consists of a large polysaccharide capsule, which 
distinguished them from other bacteria in the family. Its colonies are dome-shaped, 
glistening with varying degrees of stickiness. The colonies of K. pneumoniae are 
shown in Plate 1.7. 
• 
Plate 1.7 Colonies of Klebsiella pneumoniae on nutrient agar plate. 
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Klebsiella is ubiquitous, being found in surface water, sewage, soil and on plants. In 
humans, K. pneumoniae is present as a commensal in the nasopharynx and in the 
intestinal tract. It causes community-acquired bacterial pneumonia which has a high 
fatality rate if untreated (Podschum and Ullmann, 1998). In addition, K. pneumoniae 
is considered as a nosocomial pathogens, accounting for 6-17% of all nosocomial 
urinary tract infections (Podschum and Ullmann, 1998). It also causes bacteremia 
and neonatal sepsis in premature infants. 
1.5.3 Bacillus thuringiensis (Claus and Berkeley, 1986) 
B. thuringiensis is a Gram-positive and rod-shaped bacterium, with the width of 
about 1.0-1.2 |im, and the length of 3-5 i^m. It is aerobic and facultative anaerobic. B, 
thuringiensis is an endospore-forming bacterium. The endospores formed are 
ellipsoidal in shape, located in a central position within the sporangium. The highly 
resistant endospores enable B. thuringiensis to survive under adverse conditions, 
making it ubiquitous and can be isolated from a wide variety of sources. The colonies 
of B. thuringiensis are shown in Plate 1.8. 
醒 
Plate 1.8 Colonies of Bacillus thuringiensis on nutrient agar plate. 
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B. thuringiensis is an insect pathogen, which is pathogenic for Lepidoptera larvae. It 
produces parasporal crystal in association with spore formation. The parasporal 
crystal is formed outside the exosporium and separates readily from the liberated 
spore. In larval gut, toxin is released from the crystal by enzymatic action, thus 
killing the Lepidoptera larvae. 
1.5.3 Bacillus pasteurii (Claus and Berkeley, 1986) 
B. pasteurii is a Gram-positive and rod-shaped bacterium. The width of the rod is 
0.5-1.2 |j,m, while the length is 1.3-4 |j,m. It is aerobic and facultative anaerobic. The 
colonies of B. pasteurii on agar are usually circular, with varying size and opacity on 
different media. B. pasteurii is an endospore-forming bacterium. It forms spherical 
endospores in the terminal position of the sporangium. The colonies of B. pasteurii 
are shown in Plate 1.9. 
_ 
Plate 1.9 Colonies of Bacillus pasteurii on nutrient agar plate. 
B. pasteurii can be isolated from soil, water, sewage and incrustations on urinals. 
Despite its ubiquitous nature, B. pasteurii is not pathogenic to humans. 
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2. Objectives 
In this study, the disinfection of wastewater bacteria using PCO under visible light 
was investigated. First of all, four wastewater bacteria isolated from the samples 
collected from the Shatin Sewage Treatment Works (SSTW) (Hong Kong SAR, 
China) were selected as the disinfection targets. They included two Gram-positive 
and two Gram-negative bacteria. The selected bacteria were tested to be UV-A 
resistant which is suitable for studying PCO. 
The disinfection abilities of different photocatalysts (i.e. S-Ti02, Cu20/P-25, 
Si02-Ti02，N-Ti02 and P-25 as a reference) under visible light were compared. 
Different light sources were used, including fluorescent lamps, sun lamp, sunlight 
and UV lamps (for activating P-25). The photocatalyst that shows the best 
disinfection under visible light was chosen for optimizing the PCO disinfection 
conditions. Optimization of photocatalyst concentration and irradiation time under 
visible light was done. 
The mechanism for the disinfection effect of PCO under visible light was studied by 
observing the structural changes in bacterial cells under PCO reaction using 
transmission electron microscopy (TEM). Changes in the appearance of the bacterial 
cell components during PCO process were compared with the previous studies to see 
if they possess the same inactivating mechanism. 
In addition, possible factors that affect the susceptibility of different bacterial species 
toward PCO were studied. The activities of superoxide dismutase (SOD) and catalase 
(CAT) in the four selected bacteria were determined to see if they were related to the 
resistance of different bacteria towards PCO disinfection reaction. 
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3. Material and Methods 
3.1 Culture media and diluents 
Nutrient agar (NA) plates were prepared by dissolving 28 g nutrient agar (Lab M™, 
Lancashire, UK) into 1 L Milli-Q® water (Millipore, Bedford, MA, USA) and then 
poured into Petri-dish after autoclaving at 12 TC for 20 min using a Hirayama 
HA-300P autoclave (Hirayama, Japan). 10% nutrient broth (NB) solution was 
prepared by dissolving 2 g nutrient broth (Biolife, Milano, Italy) into 50 mL 
Milli-Q® water and then sterilized by autoclaving at 121°C for 20 min before use. 
0.9% sodium chloride (NaCl) solution was prepared by dissolving 9 g of NaCl 
(Riedel-de Haen®, Germany) into 1 L of Milli-Q® water and then sterilized by 
autoclaving at 121°C for 20 min. It was cooled to room temperature before use. 
3.2 Screening of target bacteria 
Foam and return sludge samples were collected from Shatin Sewage Treatment 
Works (SSTW, Hong Kong SAR, China) on 31'' July, 2001 and there were totally 92 
bacterial strains being characterized and identified by MIDI Sherlock System in our 
laboratory (Lau and Wong, unpublished data). Permanent stock of these bacteria 
were stored and kept at -80°C (Plate 3.1). 
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Plate 3.1 Bacterial stocks kept in the freezer. 
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To screen out the UV-A resistant bacteria, the frozen bacterial stock was first 
recovered to nutrient agar plates and incubated for 1 day at 37°C. A single colony of 
each of the bacterial strains was picked onto another NA plate. After irradiating with 
UV-A radiation for 5 h with intensity of 0.275 mW/cm^ the plates were incubated for 
1 day at 37°C and observed whether colonies were formed. Besides, the bacteria 
were also tested for their UV-A resistance in aqueous medium. In this case, one 
single bacterial colony was picked into 50 mL autoclaved 10% NB solution and then 
incubated at 30°C with 200 rpm agitation for one day. After irradiating with UV-A 
radiation, serial dilution was performed with sterilized 0.9% NaCl solution and the 
samples were spread on NB plates. The plates were observed for colonies formation 
after incubated at 37°C for 1 day. Those bacteria that survived and formed colonies 
were regarded as resistant to 0.275 mW/cm^ of UV-A radiation for 5 h. Finally, two 
Gram-positive and two Gram-negative bacteria with UV-A resistant were chosen to 
be the disinfection targets in this study. 
3.3 PCO disinfection reaction 
3.3.1 Photocatalysts 
Five photocatalysts were used in this study, including TiO: (P-25), Cu20/P-25, 
S-Ti02, Si02- Ti02 and N- Ti02. P-25 (Plate 1.1) was obtained from Degussa 
Corporation (Frankfurt, Germany). A stock solution of 10,000 mg/L P-25 was 
prepared by adding 10 g of P-25 powder into 1 L of Milli-Q® water. The mixture was 
homogenized by sonication with a Branson 2510 sonicator (Branson Ultrasonics 
B.V., Soest, NL, USA) (Plate 3.2) at 35 kHz for 20 min and kept in dark at room 
temperature. It was then ready for use to prepare the disinfection reaction mixture by 
adding suitable amount of stock solution into 0.9% NaCl solution. 
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Plate 3.2 A Branson 2510 sonicator (Branson Ultrasonics B.V., Soest, NL, USA). 
CU2O/P-25 (Plate 1.3) was produced in our laboratory. It was made by mixing 2 g of 
copper acetate with P-25 in a molar ratio of 1:5 and stirred in 125 mL of ethanol for 
12 h. After ageing for 1-2 h, the suspension was dried in a 105°C oven to evaporate 
all of the ethanol. The dried powders were then ground into fine particles and 0.7 g 
of the particles was mixed with 200 mL diethylene glycol under vigorously stirring 
for 15 min. Under N2 flush, the temperature of the system was raised to 145°C 
gradually and further increased to 180°C with the addition of 6 mL Milli-Q® water. 
After 2 h, the suspension was cooled to room temperature and then centrifuged and 
rinsed with pure ethanol for at least 3 times. Finally, the product was dried in vacuum 
condition at room temp for 48 h. 
S-Ti02 (Plate 1.2) was prepared by Mr. W. K. Ho of the Department of Chemistry, 
The Chinese University of Hong Kong, Shatin, New Territories, Hong Kong SAR, 
China. Si02-Ti02 (Plate 1.4) was provided by Dr. C. Hu, State Key Laboratory of 
Environmental Aquatic Chemistry, Research Center for Eco-Environmental Sciences, 
Chinese Academy of Sciences, Beijing 100085, China. N-TiO! (Plate 1.5) was 
produced by Ms. C. W. Leung of the Department of Chemistry, The Chinese 
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University of Hong Kong, Shatin, New Territories, Hong Kong SAR, China. The 
procedures for producing S-TiO:，Si02-Ti02 and N-TiO! were listed in the Appendix 
(8.1-8.3). Disinfection reaction mixture was made by mixing suitable amount of 
photocatalyst into 0.9% NaCl solution. 
3.3.2 Bacterial cultures 
The pure bacterial cultures of the four selected bacterial strains. Salmonella 
typhimurium (Plate 1.6), Klebsiella pneumoniae (Plate 1.7)，Bacillus thuringiensis 
(Plate 1.8) and Bacillus pasteurii (Plate 1.9)，were grown on nutrient agar plates 
incubated at 37°C overnight. A single colony was picked and inoculated in a 125 mL 
conical flask containing 10% NB solution at 30°C and agitated at 200 rpm for 16 h. 
The culture was washed twice with sterilized 0.9% NaCl solution by centrifugation at 
21,000xg for 5 min at 25°C using a Hermle Z323 centrifuge (Hermle Labortechnik, 
Germany) (Plate 3.3). The pellet was resuspended in sterilized 0.9% NaCl solution. 
The absorbance of the bacterial culture was measured at 520 nm using a Helios 
Gamma UV-Vis spectrophotometer (Thermo Electron, England) (Plate 3.4). The 
final cell concentration in the reaction mixture was adjusted to lO* cfu/mL using 
sterilized 0.9% NaCl solution. 
Plate 3.3 A Hermle Z323 centrifuge (Hermle Labortechnik, Germany). 
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Plate 3.4 A Helios Gamma UV-Vis spectrophotometer (Thermo Electron, England). 
3.3.3 PCO reactor 
The PCO reactor (Plates 3.5 and 3.6) was a 32x59x20 cm (width, length, height) 
rectangular box made with UV-blocking plastic. Four lamps, either UV lamps (15 W, 
maximum emission at 365 nm, Cole-Parmer, Vernon Hills, USA) or fluorescent 
lamps (15 W, VELOX®, Thailand), were installed on the top of the reactor. The 
lamps were connected to a control panel which allowed adjustment of the light 
intensity inside the reactor. Visible light intensity was measured using a LI-250 light 
meter (LI-COR®, Lincoln, Nebraska, USA) while UV intensities were measured 
using a UVX radiometer (UVP®, Upland, California, USA). Two glass slides were 
covered on the sensor during measurement to simulate the adsorption of light by the 
glass of the reaction flask. A filter filled with 0.5M sodium nitrite (NaNO?) (Peking 
Chemical Works, Peking, China) can be equipped under the fluorescent lamps to 
remove light with wavelength less than 400 nm produced by the lamps. Ventilation 
fans were installed in the PCO reactor and the temperature measured inside the 
reactor was not higher that 30°C throughout the experiments, implying that bacterial 
population would not be affected by thermal inactivation. During experiment, the 
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reaction flask was put inside the reactor and irradiated by the lamps from the top of 
the reactor. A magnetic stirrer (Velp®, Brianza, Italy) was placed under the PCO 
reactor while a stirrer bar was put inside the reaction flask to provide stirring during 
the experiment. 
Ventilation system UV / VL lamp UV filter \ • 
Magnetic stirrer Reaction mixture Magnetic bar Control panel 
Plate 3.5 The PCO disinfection unit. 
I ^ H I H 
Plate 3.6 Side view of the PCO reactor (installed with UV lamp). 
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3.3.4 PCO efficacy test 
Before studying the disinfection efficiency of the four modified photocatalysts, PCO 
efficacy test using TiO? P-25 with UV irradiation was carried out to study the ability 
of PCO reaction to inactivate the four selected bacteria. Experiments were conducted 
using 100 mg/L TiC^ P-25, under UV-A irradiation with light intensity of 0.617 
mW/cm^, with 300 rpm of stirring rate and the initial bacterial cell concentration was 
104 cfu/mL. Three control experiments (light control, dark control and negative 
control) were done to investigate the effect of UV-A radiation (UV-A intensity: 
0.617 mW/cm^), TiO: P-25 (100 mg/L) and 0.9% NaCl solution alone on the 
bacterial viability respectively. Each set of the experiments were conducted in 
triplicates. 
100 mg/L Ti02 P-25 reaction mixture was prepared by adding 0.5 mL of 10,000 
mg/L Ti02 P-25 stock solution into 44.5 mL Milli-Q® water. The mixture was 
homogenized by sonication and sterilized by autoclaving at 121°0 for 20 min. After 
cooling to room temperature and homogenized again by sonication, 5 mL of the 
washed bacterial culture was added into the 45 mL reaction mixture. The reaction 
flask was then put inside the PCO reactor with four UV lamps installed on top. The 
reaction mixture was stirred at dark for 30 min to reach adsorption/desorption 
equilibrium before switching on the lamps to begin the PCO reaction. During the 
experiment, 0.1 mL of the reaction mixture was sampled and diluted with sterilized 
0.9% NaCl solution. They were then spread on NA plates and incubated at 37°C for 1 
day. The number of colonies formed on the agar plates was counted and expressed as 
cfu/mL to determine the viability of the bacterium. 
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3.3.5 Comparison of different photocatalysts 
Four modified photocatalysts, S-Ti02, Cu20/P-25, SiC^-TiCb and N-TiO�’ were used 
in this study. The reaction mixtures of these four photocatalysts were prepared by 
adding the corresponding photocatalyst powder into 45 ml 0.9% NaCl solution and 
then homogenized by sonication. All the reaction mixtures were sterilized by 
autoclaving at 121°€ for 20 min before use. The experimental procedures was the 
same as described in Section 3.3.4, except that the reactor was installed with four 
fluorescent lamps and equipped with a liquid filter to cut off UV radiations. 
Disinfection abilities of the four photocatalysts under visible light were compared 
and the one with the highest disinfection ability was chosen for optimization of the 
disinfection conditions. 
3.4 Optimization of PCO disinfection conditions 
The light intensity, photocatalyst concentration and irradiation time were optimized 
one by one. The optimized parameter was used to further optimize another parameter. 
Experiments were conducted in triplicates and the results were analyzed by one-way 
ANOVA followed by Tukey's test (p<0.5) (Jandel Corporation, Chicago, Illinois, 
USA). 
Different light sources were used to provide different intensity of light. All of them 
were equipped with a filter to out off UV radiations. Four fluorescent lamps were 
installed in the PCO reactor (Plate 3.5) which provided 5 mW/cm^ of visible light 
intensity without any detection of UV-A, -B or -C. To increase the light intensity, a 
sun lamp (with a 100 W tungsten halogen lamp) with a glass UV filter was also used 
(Plate 3.7). In this case, the visible light intensity was increased to 50 mW/cm^. In 
addition, sunlight was also employed to further increase the light intensity used in 
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this study. Experiments were done on the roof of our laboratory. The NaN02 filter 
surrounded by a black box was used to remove most of the UV radiations (Plate 3.8). 
As there were still small amount of UV radiations present, experiments were 
repeated using UV-A lamp to provide similar intensities of UV, so that the effect of 
UV radiations present can be eliminated. Moreover, the sunlight experiments were 
only conducted from 11:00 to 13:00 to ensure that the light was shined from the top 
with a rather stable intensity throughout the experiment. Under this condition, the 
visible light intensity was greatly increased to have an average value of 153.03 
mW/cm^. Temperature was measured during the whole experiment, which showed 
variation from 31-38�C, so thermal inactivation of bacteria would not occur during 
the experiments. Light controls of the four bacteria under both sunlight and UV-A 
lamp were also done. The light intensity of different light sources used in this study 
was shown in Table 3.1. 
Plate 3.7 A sun lamp equipped with a glass filter to cut off UV radiations. 
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Plate 3.8 Experiment conducted under sunlight. (A) A black box placed on the roof 
of our laboratory (with a NaNO� filter on top); (B) A reaction flask placed inside the 
box (top view). 
Table 3.1 Light intensities of different light sources used in this study. 
Visible light UV-A UV-B UV-C 
(>400 nm) (315-400 nm)' (280-315 n m / (100-280 nm)' 
(mW/cm^) (mW/cm^) (mW/cm^) (mW/cm^) 
Fluorescent lamps 5.00 N.D.^ N.D. N.D. 
(with UV filter) 
Sun lamp 50.00 0.03 N.D. N.D. 
(with UV filter) 
Sunlight' 153.03 0.01 0.11 0.01 
(with UV filter) (23.82) (Q.OQ) (0.03) (0.00) 
a Definition based on International Commission on Illumination (CIE) 
bNot detectable 
c Intensity of sunlight shown was the mean value measured from 11:00 to 13:00 
during the experimental days (Standard deviation shown in parentheses). 
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After studying the effect of different light sources, the optimal concentrations of 
photocatalyst for each of the four bacteria were found. The concentrations tested 
were 0，25, 50, 100, 200, 300, 400 and 500 mg/L. Experiments were repeated under 
optimized conditions to find out the optimal irradiation time. Since the experiments 
might require more than 2 h sunlight irradiation, the light intensity would decrease 
during the experiments due to sunset. Table 3.2 shows the variations of light intensity 
and temperature during the experiments (21 sunny days from January to February 
2007). 
Table 3.2 Average light intensity during experiments. 
Time Visible light UV-A UV-B UV-C 
(mW/cm^) (mW/cm^) (mW/cm^) (mW/cm^) 
11:00 146.90 (30.06/ 0.01 (0.00) 0.10(0.03) 0.01 (0.00) 
11:30 151.60(19.84) 0.01 (0.00) 0.10(0.02) 0.01 (0.00) 
12:00 158.73 (23.55) 0.01 (0.00) 0.11 (0.03) 0.01 (0.00) 
12:30 152.63 (19.52) 0.01 (0.00) 0.11 (0.02) 0.01 (0.00) 
13:00 155.29 (26.11) 0.01 (0.00) 0.11 (0.03) 0.01 (0.00) 
13:30 133.91 (56.39) 0.01 (0.00) 0.16(0.11) 0.00(0.00) 
14:00 157.31 (50.06) 0.01 (0.00) 0.12(0.04) 0.00(0.00) 
14:30 142.98 (50.05) 0.01 (0.00) 0.10(0.04) 0.00(0.00) 
15:00 127.34 (52.75) 0.01 (0.00) 0.09(0.04) 0.00 (0.00) 
15:30 153.44(10.40) 0.01 (0.00) 0.11 (0.00) 0.00 (0.00) 
16:00 73.47 (59.83) 0.00 (0.00) 0.05 (0.04) 0.00 (0.00) 
16:30 78.80 (25.17) 0.00 (0.00) 0.04(0.01) 0.00 (0.00) 
17:00 56.25 (33.45) 0.00 (0.00) 0.04 (0.02) 0.00(0.00) 
a Standard deviation shown in parentheses 
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3.5 Transmission electron microscopy (TEM) 
The structural change of the bacterial cells during PCO was observed by 
transmission electron microscopy (TEM) to study the inactivating mechanisms of 
PCO using CU2O/P-25. S. typhimurium and K. pneumoniae were used as examples to 
illustrate the morphological changes during different stages of PCO disinfection 
process. The procedure of TEM process was as follows. Aliquots (10 mL) of reaction 
mixture were sampled for TEM study at different reaction times during PCO reaction. 
Experiments were done under optimized conditions and they were shown in Table 
3.3. The samples were centrifuged at 21,000xg for 5 min and the pellet was obtained. 
The bacterial cells were pre-fixed by adding 2.5% glutaraldehyde (E.M. grade, 
Electron Microscopy Sciences, Hatfield, PA, USA) to the pellet and kept in 4°C. 
After 1 h, the samples were washed twice with 0.1 M phosphate buffer saline (PBS) 
(pH 7.2) by centrifugation. Then the cell suspensions were encapsulated by low 
melting point agarose and the solidified encapsulated cell pellets were cut into small 
cubes with a razor blade. The small pieces of cell pellets were post-fixed by 1% 
osmium tetraoxide (E.M. grade, Electron Microscopy Sciences, Hatfield, PA, USA) 
in PBS. 
Table 3.3 Experimental conditions of TEM studies. 
Salmonella typhimurium Klebsiella pneumoniae 
Photocatalyst Cu20/P-25 (200 mg/L) Cu20/P-25 (50 mg/L) 
Light source Sunlight with UV filter Sunlight with UV filter 
(153.03 mW/cm^) (153.03 m W W ) 
Cell density 1 c f u / m L 1 c f u / m L 
Sampling points 0，30，60 and 120 min 0, 60，180 and 240 min 
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The agar-encapsulated cell pellets were washed twice with PBS and then dehydrated 
in a graded series of ethanol (50, 70，85, 95 and 100%). Then the small pieces of cell 
pellets were embedded in Spurr solution (Electron Microscopy Sciences, Fort 
Washington, PA, USA) for polymerization at 68�C for 16 h (Plate 3.9). By using 
ultra-microtome (Leica, Reichert Ultracuts, Wien, Austria) with diamond knife 
(DiATOME ultra 45\ Diatome Ltd., Switzerland) (Plate 3.11), ultra-thin sections of 
70 nm were made and they were placed on copper disc grids (Plate 3.10). They were 
then stained with 2.5% uranyl acetate and 2% lead citrate and examined by a 
H-7650C transmission electron microscope (Hitachi Ltd, Tokyo, Japan) (Plate 3.12) 
at 80 kV accelerating voltage. 
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Plate 3.9 Bacterial cell pellets embedded in Spurr solution after polymerization. 
• 0 Plate 3.10 (A) Ultra-thin sections of bacterial in cells placed on copper disc grids; (B) the nlarged image of the copper disc grids. 40 
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Plate 3.11 (A) An ultra-microtome (Leica, Reichert Ultracuts, Wien, Austria) and (B) 
a diamond knife (DiATOME ultra 4f \ Diatome Ltd., Switzerland). 
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Plate 3.12 A H-7650C transmission electron microscope (Hitachi Ltd, Tokyo, Japan). 
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3.6 Superoxide dismutase (SOD) activity assay 
Before performing the enzyme assay, the bacterial cells were lysed to extract the 
enzymes using B-PER® II bacterial protein extraction reagent (Pierce, Rockford, IL, 
USA). This reagent utilizes a proprietary, mild, nonionic detergent in 20 mM 
Tris.HCl (pH 7.5) for the lysis of bacterial cells. Bacterial cell pellet was obtained by 
from 1 mL bacterial culture by centrifugation at 5,900xg for 10 min in a 
microcentrifuge. The cells were resuspended in 100 |iL of B-PER® II reagent by 
vigorously vortexing the mixture until the cell suspension is homogenous and then 
further vortexing for 2 more min. The soluble proteins were separated from the 
remaining debris by centrifuging at ll,000xg for 5 min. The supernatant was then 
used in the enzyme activity test. 
The SOD activity assay was performed according to the protocol of Superoxide 
Dismutase Assay (Cat. no. CSOD100-2), provided by Cell Technology Inc., 
Mountain View, CA, USA (Plate 3.13). 
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Plate 3.13 A superoxide dismutase detection kit (Cell Technology Inc., Mountain 
View, CA, USA). 
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The principle of this SOD kit was to utilize a highly water-soluble tetrazolium salt, 
WST-1 (2-(4-iodophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium, 
monosodium salt) that produces a water-soluble formazan dye upon the reduction 
with a superoxide radical (•O2'), provided by xanthine oxidase (XO) in this assay. In 
the presence of SOD, •O2' was converted to hydrogen peroxide (H2O2) and molecular 
oxygen (O2), which in turn inhibited the reduction of WST-1 to formazan dye. 
Therefore, by determining the amount of formazan dye formed using colorimetric 
method (absorbance at 450 nm), the SOD activity can be estimated by the following 
equation. 
o m ^ ‘ . V / T L . I � . X n / � “ ^CRT3) “ (^Sample ~'^CRT2)] , ^^ 
SOD activity (Inhibition rate, %) = x 100 
(^CRTl - � / " , 3 ) 
(Equation 3.1) 
Where: ACRT! represented the maximum signal (without sample but contains XO) 
Acrt2 represented the background signal of the sample (contains sample 
but without XO) 
Acrt3 represented the background signal of the working solution (without 
sample and XO) 
J Sample represented the inhibited signal of the sample (contains sample and 
XO) 
By comparing with the standard curve, the amount of SOD in the bacterial cells can 
be determined and the value is expressed as unit/mL. 
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3.7 Catalase (CAT) activity assay 
The CAT activity assay was performed according to the protocol of the fluorescent 
catalase detection kit, Fluoro: Catalase™ (Cat. no. FLOCATlOO-3)，provided by Cell 
Technology Inc., Mountain View, CA，USA (Plate 3.14). 
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Plate 3.14 A Fluoro: Catalase^"^ detection kit (Cell Technology Inc., Mountain View, 
CA, USA). 
The CAT activity was determined by this assay kit using a non-fluorescent detection 
reagent that changes to fluorescent resorufm in the presence of H2O2 and peroxidase. 
As catalase converts H2O2 to water and oxygen, the catalase activity could be 
determined by measuring the H2O2 substrate left over from the catalase reaction. This 
was achieved by measuring the fluorescence of resorufm formed at the excitation 
wavelength of 570 nm and emission wavelength of 586 nm. The change in 
fluorescence was calculated by subtracting the catalase sample fluorescence from the 
observed fluorescence of the negative control (no catalase) and the value was 
matched with the standard curve to determine the catalase activity (unit/mL) in the 
sample. 
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3.8 Spore staining 
After culturing in 10% NB at 30°C and agitated at 200 rpm for 16 h, bacterial smears 
of B. thuringiensis and B. pasteurii were fixed by heat on two separate slides. The 
slides were covered with blotting papers saturated with 5% malachite green solution 
and steamed for 20-30 min. Additional malachite green was added if the stain was 
boiled off. Then the blotting papers were removed and the slides were washed with 
distilled water for 30 sec to remove excess stain. 0.5% safranin solution was used to 
counter-stain the cells for 20 sec and the excess stain was washed with distilled water. 
The slides were blot dried with blotting paper and they were observed under 
microscope. For bacteria that contain spores inside, green spores with red cells would 
be observed, while for bacteria that do not contain spores, they would only appear as 
red cells. 
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Figure 3.15 (A) 5% malachite green solution and (B) 0.5% safranin solution. 
3.9 Atomic absorption spectrophotometry (AAS) 
The amount of copper existed in the reaction solution of Cu20/P-25 was measured by 
a Z-8100 atomic absorption spectrophotometer (Hitachi Ltd, Tokyo, Japan) (Figure 
3.16). Samples were taken during different steps of preparation process: (1) after the 
first sonication, (2) after autoclaving, (3) after the second sonication and (4) after 5 h 
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irradiation of visible light. The samples were then filtered with GF/C filter papers 
(Whatman®, England) and the filtered solutions were used for AAS measurement. 
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Figure 3.16 A Z-8100 atomic absorption spectrophotometer (Hitachi，Tokyo, Japan). 
3.10 X-ray photoelectron spectrometry (XPS) 
The solid samples of Cu20/P-25 during the preparation of the reaction mixture were 
analyzed using XPS. The XPS analysis was performed by the Product Analysis 
Laboratory (Hong Kong Science and Technology Parks, HKSAR, China). 
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4. Results 
4.1 Screening of wastewater bacteria 
After testing for their UV-A resistance under 5 h UV-A irradiation (intensity: 0.275 
mW/cm^), 10 out of 92 bacterial strains tested were regarded as UV-A resistant 
under these conditions (Table 4.1). Gram-stain was performed and the results showed 
that three of them were Gram-positive and the remaining seven were Gram-negative 
(Table 4.2). According to the identification of the bacterial strains by MIDI Sherlock 
System in our laboratory, four of them were chosen to be the target bacteria in this 
study. They included two Gram-negative bacteria, Salmonella typhimurium (Plate 
1.6) and Klebsiella pneumoniae (Plate 1.7), and two Gram-positive bacteria, Bacillus 
thuringiensis (Plate 1.8) and Bacillus pasteurii (Plate 1.9). They were chosen 
because they are all commonly found in environmental samples. 
Table 4.1 Bacterial strains tested for UV-A resistance. Boxes highlighted with blue 
color represent bacterial strains survived after 5 h UV-A irradiation (0.275 mW/cm^). 
Bacteria isolated from return sludge 
RS-A-02 RS-A-03 RS-A-04 RS-A-05 RS-A-05rl RS-A-05r2 
RS-A-06 RS-A-07 RS-A-08 RS-A-09 RS-A-10 RS-A-11 
RS-A-12 RS-A-13 RS-A-14 RS-A-15 RS-A-17 RS-A-19rl 
RS-A-19r2 RS-A-20 RS-A-21 RS-A-22 RS-A-24 RS-A-25 
RS-A-26 RS-A-27 RS-A-28 RS-A-29 RS-A-30 RS-A-31 
RS-A-32a RS-A-32b RS-A-33 RS-A-34 RS-A-35 RS-A-36 
RS-A-37a RS-A-37b RS-A-38 RS-A-39 
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Bacteria isolated from foam 
F-A-01 F-A-02 F-A-04 F-A-05 F-A-05rl F-A-05r2 
F-A-06 F-A-07 F-A-08a F-A-08b F-A-09 F-A-10 
F-A-11 F-A-12 F-A-12rl F-A-12r2 F-A-13 F-A-14 
F-A-15 F-A-17 F-A-arl F-A-17r2 F-A-18 F-A-19 
F-A-20 F-A-20rl F-A-20r2 F-A-21 F-A-22a F-A-22b 
F-A-22arl F-A-22ar2 F-A-23 F-A-24 F-A-26 F-A-27 
F-A-28 F-A-29 F-A-30 F-A-31 F-A-32 F-A-33 
F-A-34 F-A-35 F-A-36 F-A-37 F-A-38 F-A-39 
F-A-40a F-A-40b F-A-40brl F-A-41 
Table 4.2 Results of Gram stain. Boxes highlighted with yellow colour represent the 
bacterial strains selected in this study. 
Gram-positive Gram-negative 
RS-A-29' F-A-22arl^ RS-A-19r2 F-A-19 
RS-A-37a RS-A-27'= F-A-20^ 
RS-A-32b F-A-32 
RS-A-19r2 F-A-40brl 
a Bacillus pasteurii 
b Bacillus thuringiensis 
e Klebsiella pneumoniae 
d Salmonella typhimurium 
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4.2 PCO efficacy test 
Three control experiments, including light control (0.617 mW/cm^ of UV-A), dark 
control (100 mg/L of P-25) and negative control (0.9% NaCl solution) showed that 
all the four bacteria were not affected by the three control experiments for 180 min 
(Figures 4.1 and 4.2). In the presence of P-25 and UV-A irradiation, complete 
inactivation of S. typhimurium and K. pneumoniae could be achieved after 2.5 min, 
while for B. thuringiensis and B. pasteurii, 180 min was needed (Figure 4.3). These 
results suggested that all of the four bacteria were susceptible to PCO disinfection, 
with S. typhimurium and K. pneumoniae being inactivated at a much faster rate than 
B. thuringiensis and B. pasteurii under the same experimental conditions. 
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Figure 4.1 Control experiments for the photocatalytic disinfection of (A) S. 
typhimurium and (B) K. pneumoniae. Experimental conditions: (i) Light control: 
UV-A intensity: 0.617 m W W ; (ii) Dark control: P-25 100 mg/L; (iii) Negative 
control: 0.9% NaCl solution. Each data point and error bar represents the mean and 
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Figure 4.2 Control experiments for the photocatalytic disinfection of (A) B. 
thuringiensis and (B) B. pasteurii. Experimental conditions: (i) Light control: UV-A 
intensity: 0.617 mW/cm^; (ii) Dark control: P-25 100 mg/L; (iii) Negative control: 
0.9% NaCl solution. Each data point and error bar represents the mean and standard 
deviation of triplicates. 
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Figure 4.3 PCO disinfection efficiency of P-25 towards the four bacteria. 
Experimental conditions: P-25 concentration = 100 mg/L, reaction volume = 50 mL, 
UV-A intensity = 0.617 mW/cm^, stirring rate = 300 rpm and initial cell viability = 
104 cfu/mL. Each data point and error bar represents the mean and standard deviation 
of triplicates respectively. 
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4.3 PCO under visible light irradiation 
4.3.1 Fluorescence lamps with UV filter 
The four bacteria were used for comparison of using different modified 
photocatalysts under visible light. Visible light radiation was provided by four 
fluorescent lamps equipped with a filter to remove UV radiation. Under this 
condition, the measured intensity of visible light was 5 mW/cm^ and no UV 
radiations were detected (Table 3.1). Light controls of the four bacteria under this 
condition showed no decrease in bacterial population throughout 120 min irradiation 
(Figure 4.4). 
Figure 4.5 shows the PCO disinfection efficiency of the four modified photocatalysts 
(i.e. S-Ti02, Cu20/P-25, SiCVTiO� and N-TiO!) toward S. typhimurium and Table 
4.3 shows the cell viability (logio cfu/mL) of S. typhimurium along the 120 min time 
course of dark control and PCO reaction. It should be noted that except Cu20/P-25, 
in which the concentration used was 100 mg/L, the concentrations of all the other 
three photocatalysts were 1,000 mg/L as preliminary studies showed that the use of 
low concentrations (e.g. 100 mg/L) would result in very low inactivation for all of 
the four bacterial species. Among the four photocatalysts used, only Cu20/P-25 
showed disinfection after 120 min, which caused 1.42-log inactivation. However, 
viable count also dropped in the dark control of Cu20/P-25, with 0.75-log 
inactivation after 120 min. Therefore, the net inactivation was actually equals to 
0.67-log. For the other three photocatalysts, no significant inactivation of S. 
typhimurium was observed under the same conditions. 
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Figure 4.4 Light control experiments for the four bacteria under fluorescent lamps 
with UV filter. Experimental conditions: reaction volume = 50 mL, visible light 
intensity = 5 mW/cm^, stirring rate = 300 rpm and initial cell viability = lO^ cfu/mL. 
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Figure 4.5 PCO disinfection efficiency of 1,000 mg/L S-TiCh, 100 mg/L Cu20/P-25, 
1,000 mg/L Si02-Ti02 and 1,000 mg/L N-TiO� toward S. typhimurium. Experimental 
conditions: Reaction volume = 50 mL, visible light intensity = 5 mW/cm^, stirring 
rate = 300 rpm and initial cell viability = lO] cfu/mL. Each data point and error bar 
represents the mean and standard deviation of triplicates respectively. 
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Table 4.3 Bacterial concentrations (logio cfu/mL) of S. typhimurium under dark 
control and PCO reaction using fluorescent lamps with UV filter, 
Omin 30 min 60 min 90 min 120 min Net 
inactivation 
S-Ti02 Dark 4.19 4.18 4.16 4.21 4.18 No sig. dif. 
PCO 4.12 4.04 4.02 4.07 4.08 
CU2O/P-25 Dark 4.00 3.88 3.67 3.51* 3.25* 0.67 
PCO 3.97 3.55 3.27 2.79 2.55* 
Si02-Ti02 Dark 4.10 4.08 4.19 4.11 4.15 No sig. dif. 
PCO 4.11 4.08 4.15 4.07 4.07 
N-Ti02 Dark 3.99 3.99 3.98 4.07 4.01 No sig. dif. 
PCO 4.06 3.97 3.99 3.91 3.96 
CTMcaa——«—^111 in •• • • • ••一 '• - - ‘ .. • • - • 
a Standard deviation: <0.5 for all data 
b Significant difference with initial cell viability (0 min) is represented by a * (One 
way ANOVA followed by Tukey's test, p<0.05). If significant difference was found 
in dark control, t-test (p<0.05) would be used to test for the significant difference 
between inactivation of dark control and PCO. Net inactivation was calculated by 
subtracting the log inactivation of PCO with that of dark control. 
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Figures 4.6 to 4.8 showed the PCO disinfection efficiency of the four modified 
photocatalysts toward K. pneumoniae, B. thuringiensis and B. pasteurii respectively 
and Table 4.4 summarized the net inactivation of the four bacteria after 120 min of 
PCO reaction using different photocatalysts under the same experimental conditions. 
Comparing with the other three bacteria, Cu20/P-25 also caused 0.54-log and 
0.23-log inactivation to K. pneumoniae and B. pasteurii respectively after 120 min 
PCO reaction. N-Ti02 caused 0.25-log and 0.23-log inactivation to B. thuringiensis 
and B. pasteurii respectively under the same experimental conditions. On the other 
hand, S-TiO? and Si02-Ti02 did not show any significant disinfection effect to the 
four bacteria. 
Table 4.4 Net inactivation (logio cfu/mL) of different bacterial species after 120 min 
of PCO reaction using fluorescent lamps with UV filter.® 
S. typhimurium K. pneumoniae B. thuringiensis B. pasteurii 
S-Ti02 No sig. dif. ^ No sig. dif. No sig. dif. No sig. dif. 
CU2O/P-25 0.67 0.54 No sig. dif. 0.23 
Si02-Ti02 No sig. dif. No sig. dif. No sig. dif. No sig. dif. 
N-Ti02 No sig. dif. No sig. dif. 0.25 0.23 
• a Standard deviation: <0.5 for all data 
^No significant difference between the log inactivation of PCO and dark control. 
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Figure 4.6 PCO disinfection efficiency of 1,000 mg/L S-TiO!, 100 mg/L Cu20/P-25, 
1,000 mg/L Si02-Ti02 and 1,000 mg/L N-Ti02 toward K. pneumoniae. Experimental 
conditions: reaction volume = 50 mL, visible light intensity = 5 mW/cm^, stirring 
rate = 300 rpm and initial cell viability = 10^ cfu/mL. Each data point and error bar 
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Figure 4.7 PCO disinfection efficiency of 1,000 mg/L S-TiO�，100 mg/L Cu20/P-25, 
1,000 mg/L Si02-Ti02 and 1,000 mg/L N-TiOi toward B. thuringiensis. 
Experimental conditions: reaction volume = 50 mL, visible light intensity = 5 
mW/cm^, stirring rate = 300 rpm and initial cell viability = lO* cfu/mL. Each data 
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Figure 4.8 PCO disinfection efficiency of 1,000 mg/L S-Ti02, 100 mg/L Cu20/P-25, 
1,000 mg/L Si02-Ti02 and 1,000 mg/L N-TiO� toward B. pasteurii. Experimental 
conditions: reaction volume = 50 mL, visible light intensity = 5 mW/cm^, stirring 
rate = 300 rpm and initial cell viability = cfu/mL. Each data point and error bar 
represents the mean and standard deviation of triplicates respectively. 
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4.3.2 Sun lamp with UV filter 
A sun lamp equipped with a UV filter could increase the visible light intensity to 
about 10 times more than using four fluorescence lamps, which was 50 mW/cm 
(Table 3.1). Light controls of the four bacteria under this condition showed no 
decrease in bacterial population throughout 120 min irradiation (Figure 4.9). 
The PCO disinfection efficiency of the four modified photocatalysts using sun lamp 
with UV filter after 120 min PCO reaction was shown in Figures 4.10 to 4.13 and 
Table 4.5. Under a higher light intensity, bacterial inactivation of the photocatalysts 
generally increased, except for Si02-Ti02, which did not caused any significant 
bacterial inactivation on the four bacteria neither using fluorescent lamps or sun lamp. 
The increase was most obvious in Cu20/P-25, in which the inactivation of all the 
four bacteria was enhanced. The greatest enhancement was found in activating S. 
typhimurium by Cu20/P-25, which caused 2.27-log inactivation compared with 
0.67-log (Table 4.4) when using fluorescent lamps with UV filter. 
Table 4.5 Net inactivation (logio cfu/mL) of different bacterial species after 120 min 
of PCO reaction using sun lamps with UV filter.® 
S. typhimurium K. pneumoniae B. thuringiensis B. pasteurii 
S-Ti02 Nosig.dif.b 0.14 0.35 No sig. dif. 
CU2O/P-25 2.27 0.84 0.32 0.76 
Si02-Ti02 No sig. dif. No sig. dif. No sig. dif. No sig. dif. 
N-Ti02 No sig. dif. No sig. dif. 0.38 0.57 
a Standard deviation: <0.5 for all data 
bNo significant difference between the log inactivation of PCO and dark control. 
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Figure 4.9 Light control experiments for the four bacteria under sun lamp with UV 
filter. Experimental conditions: reaction volume = 50 mL, visible light intensity = 50 
mW/cm^, stirring rate = 300 rpm and initial cell viability = cfu/mL. Each data 
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Figure 4.10 PCO disinfection efficiency of 1,000 mg/L S-TiC^ ，100 mg/L Cu20/P-25, 
1,000 mg/L Si02-Ti02 and 1,000 mg/L N-TiO� toward S. typhimurium. Experimental 
conditions: reaction volume = 50 mL, visible light intensity = 50 mW/cm^, stirring 
rate = 300 rpm and initial cell viability = lO^ cfu/mL. Each data point and error bar 
represents the mean and standard deviation of triplicates respectively. 
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Figure 4.11 PCO disinfection efficiency of 1,000 mg/L S-TiO�，100 mg/L Cu20/P-25, 
1,000 mg/L Si02-Ti02 and 1,000 mg/L N-TiO: toward K. pneumoniae. Experimental 
conditions: reaction volume = 50 mL, visible light intensity = 50 mW/cm , stirring 
rate = 300 rpm and initial cell viability = lO* cfu/mL. Each data point and error bar 
represents the mean and standard deviation of triplicates respectively. 
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Figure 4.12 PCO disinfection efficiency of 1,000 mg/L S-TiCb, 100 mg/L Cu20/P-25, 
1,000 mg/L Si02-Ti02 and 1,000 mg/L N-TiO! toward B. thuringiensis. 
Experimental conditions: reaction volume = 50 mL, visible light intensity = 50 
mW/cm^, stirring rate = 300 rpm and initial cell viability = lO* cfli/mL. Each data 
point and error bar represents the mean and standard deviation of triplicates 
respectively. 
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Figure 4.13 PCO disinfection efficiency of 1,000 mg/L S-Ti02, 100 mg/L Cu20/P-25, 
1,000 mg/L Si02-Ti02 and 1,000 mg/L N-TiOi toward B. pasteurii. Experimental 
conditions: reaction volume = 50 mL, visible light intensity = 50 mW/cm^, stirring 
rate = 300 rpm and initial cell viability = lO�cfu/mL. Each data point and error bar 
represents the mean and standard deviation of triplicates respectively. 
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4.3.3 Sunlight with UV filter 
The PCO disinfection efficiency was studied using a higher light intensity using 
sunlight as the light source. A NaN02 filter was used to remove most of the UV 
radiations. Moreover, the sunlight experiments were only conducted from 11:00 to 
13:00 to ensure that the light was shined from the top with a rather stable intensity 
throughout the experiment. Under this condition, the visible light intensity was 
greatly increased to have an average value of 153.03 W/cm^ and small amount of UV 
radiations were detected (Table 3.1). The temperature measured during experiment 
varied from 31 to 38°C, so thermal inactivation of bacterial would not occur during 
experiment. Light controls of the four bacteria under sunlight showed no drop of 
bacterial population throughout 120 min of irradiation (Figure 4.14). 
As there was still small amount of UV radiation present, experiments were repeated 
using UV-A lamp to provide similar intensities of UV, so that the effect of UV 
radiation present can be eliminated. Comparisons of the light intensities using these 
two light sources were shown in Table 4.6. 
Table 4.6 Light intensities of sunlight and UV-A lamp. 
Visible light UV-A UV-B UV-C 
( m W W ) (mW/cm^) ( m W W ) (mW/cm^) 
Sunlighf 153.03 0.01 0.11 0.01 
(with UV filter) (23.82) (0.00) (0.03) (0.00) 
UV-Alampb 0.10 0.20 (UO 002 
a Intensity of sunlight shown was the mean value measured from 11:00 to 13:00 
during the experimental days (Standard deviation shown in parentheses). 
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Figure 4.14 Light control experiments for the four bacteria under sunlight with UV 
filter. Experimental conditions: reaction volume = 50 mL, visible light intensity = 
153.03 mW/cm^ and initial cell viability = cfu/mL. Each data point and error bar 
represents the mean and standard deviation of triplicates respectively. 
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Figure 4.15 shows the PCO disinfection efficiency of Cu20/P-25 towards S. 
typhimurium under sunlight and UV-A lamp. It was found that the bacterial 
inactivation was improved when using sunlight. Complete inactivation can be 
achieved after 60 min of PCO reaction. Under similar UV radiations, the inactivation 
rate was slower, which took 120 min to cause complete inactivation. Since the UV 
intensities in these two conditions were similar, the improvement of disinfection 
efficiency of Cu20/P-25 was due to the increased intensity of visible light. 
The PCO disinfection efficiency of Cu20/P-25 towards the other three bacteria under 
sunlight and UV-A lamp were shown in Figures 4.16 to 4.18，while the net 
inactivation of the four bacterial species after 120 min of PCO reaction was shown in 
Table 4.7. For all the photocatalysts used under UV-A irradiation, net inactivation to 
the four bacteria was improved compared with that when using fluorescent lamps. 
CU2O/P-25, S-Ti02 and N-Ti02 showed an extra improved inactivation when using 
sunlight. On the other hand, bacterial inactivation by Si02-Ti02 under sunlight was 
not improved compared with that when using UV-A lamp. 
The four modified photocatalysts showed different performances of bacterial 
inactivation on different bacteria. For S. typhimurium, it was inactivated best by 
S-Ti02 and Cu20/P-25, in which both of them caused complete inactivation after 120 
min of PCO reaction. Cu20/P-25 showed the best inactivation on B. thuringiensis 
and B. pasteurii, which caused 1.60-log and 1.07-log inactivation after 120 min PCO 
respectively. Although K. pneumoniae was best inactivated by S-TiO� (2.04-log), 
CU2O/P-25 also caused a rather high inactivation, which was 1.93-log. Therefore, 
CU2O/P-25 showed generally highest disinfection ability on different wastewater 
bacteria under visible light. It was chosen to be the photocatalyst for further study. 
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Figure 4.15 PCO disinfection efficiency of Cu20/P-25 toward S. typhimurium under 
sunlight with UV filter and UV-A lamp. Experimental conditions: Cu20/P-25 
concentration = 100 mg/L, reaction volume = 50 mL and initial cell viability = 
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Figure 4.16 PCO disinfection efficiency of Cu20/P-25 toward K. pneumoniae under 
sunlight with UV filter and UV-A lamp. Experimental conditions: Cu20/P-25 
concentration = 100 mg/L, reaction volume = 50 mL and initial cell viability = 
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Figure 4.17 PCO disinfection efficiency of Cu20/P-25 toward B. thuringiensis under 
sunlight with UV filter and UV-A lamp. Experimental conditions: Cu20/P-25 
concentration = 100 mg/L, reaction volume = 50 mL and initial cell viability = lO^ 
cfu/mL. Each data point and error bar represents the mean and standard deviation of 
triplicates respectively. 
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Figure 4.18 PCO disinfection efficiency of Cu20/P-25 toward B. pasteurii under 
sunlight with UV filter and UV-A lamp. Experimental conditions: Cu20/P-25 
concentration = 100 mg/L, reaction volume = 50 mL and initial cell viability = 10^ 
cfu/mL. Each data point and error bar represents the mean and standard deviation of 
triplicates respectively. 
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Table 4.7 Net inactivation (logio cfu/mL) of different bacterial species after 120 min 
of PCO reaction under sunlight with UV filter and under UV-A lamp irradiation.^ 
S. typhimurium K. pneumoniae B. thuringiensis B. pasteurii 
S-Ti02 
Sunlight Complete' 2.04 1.20 No sig. d i f , 
UV lamp 2.63 0.71 0.99 No sig. dif. 
CU2O/P-25 
Sunlight Complete 1.93 1.60 1.07 
UVlamp Complete 1.18 0.62 0.33 
Si02-Ti02 
Sunlight 0.68 0.26 0.31 0.87 
UVlamp 0.79 0.29 0.51 1.05 
N-Ti02 
Sunlight 2.03 0.46 1.40 0.87 
UVlamp 1.46 0.27 0.93 0.81 
a Standard deviation: <0.5 for all data 
b If significant difference (One way ANOVA followed by Tukey's test, p<0.05) was 
found in dark control, t-test (p<0.05) would be used to test for the significant 
difference between inactivation of dark control and PCO. Net inactivation was 
calculated by subtracting the log inactivation of PCO with that of dark control. 
e Complete inactivation was achieved after PCO reaction. 
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4.4 Optimization of PCO disinfection conditions 
4.4.1 Effect of visible light intensities 
To compare the effect of light intensities, the bacterial inactivation using different 
light sources were compared at the same time point. As the inactivation of S. 
typhimurium was faster, 30 min was chosen to compare the effect of light intensities. 
For the other three bacteria, comparisons were made at the time point of 120 min. 
The results were shown in Figure 4.19. 
For S. typhimurium (Figure 4.19A)，a drastic decrease in bacterial cell viability was 
observed when the light intensity increased from 5 to 50 mW/cm^, while further 
increasing the light intensity to 153 mW/cm^ did not caused statistically significant 
difference. However, complete inactivation actually occurred after 60 min of PCO 
reaction under these conditions (Figure 4.15), showing that increasing light intensity 
enhanced the inactivation of S. typhimurium using Cu20/P-25. 
K. pneumoniae and B. pasteurii showed similar pattern under different light 
intensities (Figure 4.19B). When the visible light increased from 5 to 50 mW/cm^, no 
significant change in bacterial density was observed. However, when light intensity 
increased further, both of them resulted in decrease in bacterial populations. For B. 
thuringiensis, a continuous decrease in cell viability was found with increasing light 
intensity. These results showed that the bacterial inactivation by PCO was most 
powerful when using sunlight with UV filter as the light source. Therefore, it was 
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Figure 4.19 Effect of visible light intensities on PCO inactivation of (A) S. 
typhimurium (reaction time = 30 min); (B) K. pneumoniae, B. thuringiensis and B. 
pasteurii (reaction time = 120 min). Experimental conditions: Cu20/P-25 
concentration = 100 mg/L, reaction volume = 50 mL and initial cell viability = lO^ 
cfu/mL. Each data point and error bar represents the mean and standard deviation of 
triplicates respectively. Means with the same colour and letters are statistically 
identical (One-way ANOVA followed by Tukey's test, p<0.05). 
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4.4.2 Effect of photocatalyst concentrations 
The effect of Cu20/P-25 concentrations on the PCO inactivation efficiency was 
shown in Figure 4.20. For S. typhimurium, 30 min was used to compare the effect of 
photocatalyst concentrations, while 120 min was used for the other three bacteria. 
The concentrations tested for K. pneumoniae and B. thuringiensis were 25, 50, 100 
and 200 mg/L, while 300 mg/L was also tested for S. typhimurium and B. pasteurii. 
For S. typhimurium, the bacterial population had a continual decrease with increasing 
concentration of Cu20/P-25. Complete inactivation was achieved after 30 min when 
200 mg/L of CU2O/P-25 was used. Therefore, 200 mg/L was the optimal 
concentration of S. typhimurium under these experimental conditions. 
A drastic decrease of K. pneumoniae cell viability was observed when the 
concentration of Cu20/P-25 increased from 25 to 50 mg/L. However, when the 
photocatalyst concentration increased further to 100 and 200 mg/L, the bacterial 
inactivation was reduced. Similar results were also found for B. thuringiensis, except 
that the change in cell viability was not as large as that of K. pneumoniae. As a result, 
50 mg/L was the optimal concentration of Cu20/P-25 for K. pneumoniae and B. 
thuringiensis. 
When the concentration of Cu20/P-25 increased from 25 to 100 mg/L, no significant 
change in the population of B, pasteurii was observed. An increase in the amount of 
CU2O/P-25 to 200 mg/L resulted in a decrease of bacterial concentration, but further 
increase in Cu20/P-25 concentration to 300 mg/L did not cause a significant change. 
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Figure 4.20 Effect of Cu20/P-25 concentrations on the PCO inactivation of (A) S. 
typhimurium and B. pasteurii; (B) K. pneumoniae and B. thuringiensis. Experimental 
conditions: irradiation source = sunlight with UV filter (153.03 mW/cm^), reaction 
volume = 50 mL, initial cell viability = lO* cfu/mL and reaction time = 120 min (30 
min for S. typhimurium). Each data point and error bar represents the mean and 
standard deviation of triplicates respectively. Means with the same colour and letters 
are statistically identical (One-way ANOVA followed by Tukey's test, p<0.05). 
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4.4.3 Optimized conditions 
The PCO disinfection conditions of the four wastewater bacteria using Cu20/P-25 as 
a photocatalyst were optimized and the results were listed in Table 4.8. 
Table 4.8 The optimized conditions for PCO disinfection using Cu20/P-25.* 
S. typhimurium K. pneumoniae B. thuringiensis B. pasteurii 
Light source Sunlight with UV filter (visible light intensity: 153.03 mW/cm^) 
CU2O/P-25 200 mg/L 50 mg/L 50 mg/L 200 mg/L 
concentration 
Reaction time 30 min 120 min 300 min 360 min 
* Experiments were conducted under fixed conditions of initial cell viability (lO^ 
cfu/mL) and reaction volume (50 mL). 
4.5 Transmission electron microscopy (TEM) 
TEM micrographs for S. typhimurium and K. pneumoniae during different time 
interval of PCO reaction were taken and they were shown in Figures 4.21 and 4.22. 
The initial bacterial concentration used for TEM was 10^  cfu/mL. Before PCO 
reaction started (0 min), S. typhimurium showed intact cell wall and clear structure 
(Figure 4.21 A). The black and grey dots surrounding the bacterial cells were the 
photocatalysts. After 30 min of PCO disinfection reaction, in which 4.93-log 
inactivation was found in the plate-counting test, obvious changes in the morphology 
were observed in most of the bacterial cells. In Figure 4.2IB, it was found that there 
were some electron-translucent parts in the cytoplasm. After 60 min of PCO reaction, 
complete inactivation was achieved in plate-counting test. However, many cells were 
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observed under TEM and their morphologies were similar to that observed after 30 
min, except that more electron-translucent portions were observed in the cytoplasm 
(Figure 4.21C). Further prolonging the PCO reaction for 1 h after complete 
inactivation (i.e. 120 min), some cell structure could still be seen under TEM. The 
cell shown in Figure 4.2ID showed more electron-translucent regions. Some net-like 
structures were also observed, while the cell wall structure was hardly seen. 
For K. pneumoniae^ similar results were observed. At 0 min of PCO reaction, the cell 
wall structure of bacterial cells appeared intact and the cytoplasm was dark in colour 
(Figure 4.22A). From the results of plate-counting test, 3.57-log inactivation was 
found after 60 min of PCO reaction. At this time point, the morphology of K. 
pneumoniae showed significant changes (Figure 4.22B). Some light regions were 
present in the cell, showing that there were electrons passing through the cell. This 
suggested that some intracellular components were missing in the cell. However, 
destruction of cell wall was not observed in the cell. After 180 min, complete 
inactivation was achieved, while the TEM micrograph showed an extension of the 
hollow regions and the cell wall was slightly damaged (Figure 4.22C). Further 
prolonging the PCO reaction to 240 min, the cell wall structure was disrupted and 
some net-like structures were seen (Figure 4.22D). 
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Figure 4.21 The TEM micrographs of 5. typhimurium after (A) 0, (B) 30, (C) 60 and 
(D) 120 min of PCO reaction. Experimental conditions: Cu20/P-25 concentration = 
200 mg/L, irradiation source = sunlight with UV filter (153.03 mW/cm^), reaction 
volume = 50 mL, initial cell viability = 10^  cfu/mL. 
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Figure 4.22 The TEM micrographs of A：, pneumoniae after (A) 0, (B) 60, (C) 180 and 
(D) 240 min of PCO reaction. Experimental conditions: Cu20/P-25 concentration = 
50 mg/L, irradiation source = sunlight with UV filter (153.03 mW/cm^), reaction 
volume = 50 mL, initial cell viability = 10^  cfu/mL. 
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4.6 Superoxide dismutase (SOD) activity assay 
The SOD activities of the four bacteria were shown in Table 4.9. It was noted that 
the SOD activity of S. typhimurium was so low that it was undetectable using this 
enzyme assay kit. B. thuringiensis and B. pasteurii were found to have the highest 
activity of SOD, which were 0.35 and 0.32 unit/mL respectively. In addition, K. 
pneumoniae had the SOD activity of 0.22 unit/mL. 
The SOD activities were compared with the PCO inactivation using 100 mg/L of 
P-25 after 30 min irradiation of UV-A (intensity: 0.0617 mW/cm^) and the results 
were also shown in Table 4.9. A general trend was found in which with a lower SOD 
activity, more bacterial inactivation was resulted by PCO reaction. Nevertheless, this 
tend was not always true in the four selected bacteria, as B. thuringiensis had a 
higher SOD activity but more bacterial inactivation by PCO than B. pasteurii. 
Therefore, the SOD activity and PCO inactivation was not strongly correlated. 
Table 4.9 The SOD activities and PCO inactivation of the four bacteria. 
SOD activity PCO inactivation 
(unit/mL) (logio cfu/mL) 
S. typhimurium N.D.* 3.22 
K. pneumoniae 0.22 3.16 
B. thuringiensis 0.35 0.82 
B. pasteurii 0.32 0.66 
* N.D. - Not detectable 
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4.7 Catalase (CAT) activity assay 
The CAT activities of the four bacteria were shown in Table 4.10. The CAT 
activities of S. typhimurium and K. pneumoniae were quite similar, which were 0.22 
and 0.24 unit/mL respectively. On the other hand, the CAT activities of B. 
thuringiensis and B. pasteurii were higher than that of S. typhimurium and K. 
pneumoniae. Their values were also very close, which were 0.48 and 0.47 unit/mL 
respectively. 
Table 4.10 also showed the comparison of the CAT activities with the PCO 
inactivation using 100 mg/L of P-25 after 30 min irradiation of UV-A (intensity: 
0.0617 mW/cm^). Again, a general trend was found in which a lower CAT activity 
would result in more bacterial inactivation by PCO reaction. However, this 
relationship was not applicable for B. thuringiensis and B. pasteurii. As a result, the 
activity of CAT and bacterial inactivation by PCO was also not strongly correlated. 
Table 4.10 The CAT activities and PCO inactivation of the four bacteria. 
CAT activity PCO inactivation 
(unit/mL) (logio cfu/mL) 
S. typhimurium 0.22 3.22 
K. pneumoniae 0.24 3.16 
B. thuringiensis 0.48 0.82 
B. pasteurii 0.47 0.66 
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4.8 Spore staining 
Since B. thuringiensis and B. pasteurii are endospore-forming bacteria, they may 
possess higher resistance to PCO disinfection. Thus, spore staining using malachite 
green solution was performed to confirm if spores were present in the bacterial 
culture. The culture was prepared as the normal experimental procedure, i.e. to 
inoculate one single bacterial colony into 50 mL NB and incubated at 30°C with 200 
rpm agitation for 16 h. 
The appearances of the B. thuringiensis and B. pasteurii after spore staining were 
shown in Figure 4.23. In both figures, many of the cells contained green spores at the 
end of the red rod-shape bacterial cells. This confirmed the presence of spores in the 
bacterial culture during PCO disinfection experiments. 
In order to test whether the formation of spores would provide a higher resistance to 
the two Bacillus spp. during PCO, bacterial cultures were prepared by incubating for 
12 instead of 16 h in normal experimental procedure. Spore staining was also 
performed showing that under this condition, no spores were found in the bacterial 
cells. PCO disinfection was done using 100 mg/L of P-25 with UV-A irradiation of 
0.0617 mW/cm^ on the bacterial cultures without spores. Results in Figure 4.24 
showed that the PCO inactivation was improved, in which complete inactivation of B. 
thuringiensis and B. pasteurii was achieved after 90 and 120 min of PCO reaction. 
This proved that the presence of spores was one of the factors causing higher 
resistance of B. thuringiensis and B. pasteurii during PCO process. Despite this fact, 
the 12 h-incubated cultures of B. thuringiensis and B. pasteurii still showed greater 
resistance to PCO disinfection than S. typhimurium and K. pneumoniae. 
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Figure 4.23 Appearance of (A) B. thuringiensis and (B) B. pasteurii after spore 
staining under light microscope. The magnification used was x40K and the scale bar 
at the bottom of the figures represent 50 \im. Spores appeared as green inside the red vegetative cells. 
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Figure 4.24 Comparisons of PCO disinfection efficiency using 12 and 16 h bacterial 
cultures of (A) B. thuringiensis and (B) B. pasteurii. Experimental conditions: P-25 
concentration = 100 mg/L, reaction volume = 50 mL, UV-A intensity = 0.617 
mW/cm^, stirring rate = 300 rpm and initial cell viability = lO* cfu/mL. For 16-h 
cultures, each data point and error bar represents the mean and standard deviation of 
triplicates. Single trail was conducted for 12 h cultures. 
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4.9 Studies on Cu20/P-25 
4.9.1 Atomic absorption spectrophotometry (AAS) 
The amount of copper ions existed in the reaction solution was measured by AAS 
and the results were shown in Table 4.11. It was found that the amount of copper 
ions varied during the preparation process of the reaction mixture, causing a drastic 
increase in copper ions after the first sonication and gradually decreased to normal. 
Table 4.11 Total amount of copper ions measured in the reaction solution during 
preparation process. 
Sample Concentration of copper ions (mg/L) 
0 . 9 . NaCl only (reference) 0.327 
1. After first sonication 1.139 
2. After autoclave 0.308 
3. After second sonication 0.435 
4. After 5 h irradiation of visible light 0.204 
-
4.9.2 X-ray photoelectron spectrometry (XPS) 
The solid samples of Cu20/P-25 during the preparation of the reaction mixture were 
analyzed using XPS and the results were summarized in Table 4.12. 
Initial C u 2 0 / P - 2 5 1 2 3 4 
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Figure 4.25 The appearance of Cu20/P-25 during preparation of the reaction mixture. 
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Table 4.12 The amount of copper measured in Cu20/P-25 during preparation of PCO 
reaction mixture. 
Initial Sample 1 Sample 2 Sample 3 Sample 4 
CU2O/P-25 (sonication) (autoclave) (sonication) (5 h PCO) 
CuO 36% 32% 8% 15% 4% 
Cu+ 62% 58% 32% 73% 85% 
Cu2+ 2% 90/0 60% 11% 11% 
From the results, there was a general trend that the elemental copper was decreased 
while Cu+ and Cu^ "^  were increased. This indicated that copper ions in the 
photocatalyst were oxidized during the preparation of the reaction mixture. It was 
noted that the weight % of copper ions in the samples was also increased which was 
abnormal as there was no other sources of copper ions in the reaction mixture besides 
the photocatalyst itself. This may be due to the uneven distribution of CU2O coated 
on the surface of P-25 during preparation. 
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5. Discussion 
5.1 Screening of wastewater bacteria 
As Ti02 requires UV-A radiation to activate, UV-A resistant bacteria are more 
preferable for studying the effect of PCO. It is because any bacterial inactivation 
found in experiments can be confirmed as the results of PCO process but not the 
direct photo-inactivation by UV-A irradiation. Therefore, the bacteria isolated from 
the Shatin Sewage Treatment Works (SSTW) (Hong Kong SAR, China) were tested 
for their UV-A resistance in this study. Finally, four UV-A bacteria were chosen in 
this study, including two Gram-negative bacteria, Salmonella typhimurium (Plate 1.6) 
and Klebsiella pneumoniae (Plate 1.7), and Gram-positive bacteria, Bacillus 
thuringiensis (Plate 1.8) and Bacillus pasteurii (Plate 1.9). They were chosen 
because they are all commonly found in environmental samples which can represent 
the real sewage conditions. 
5.2 PCO efficacy test 
Before studying the disinfection ability of PCO under visible light, PCO efficacy test 
using Ti02 P-25 with UV-A irradiation was carried out to study the ability of PCO 
reaction to inactivate the four selected bacteria. Results confirmed that all of the four 
selected bacteria were susceptible to PCO disinfection. Therefore, they were suitable 
to be used to study the possibility of using visible light as a light source in PCO 
disinfection. Moreover, the results showed that S. typhimurium and K. pneumoniae 
were inactivated at a much faster rate than B. thuringiensis and B. pasteurii under the 
same experimental conditions. The possible factors affecting the susceptibility of 
different bacteria towards PCO were discussed in Section 5.8. 
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5.3 Comparison between different light sources 
In this study, the visible light was provided by three different light sources, including 
fluorescent lamps, sun lamps and sunlight. All of them were equipped with a filter to 
cut off the UV radiations produced by the light sources and the light intensities were 
shown in Table 3.1. Results showed that under a low intensity of visible light 
irradiation (5 mW/cm^, provided by fluorescent lamps with UV filter), the 
disinfection efficiency was very low, in which only Cu20/P-25 and N-TiOz showed 
less than 1 -log inactivation of bacteria under this condition. When the visible light 
intensity increased to 50 mW/cm^ (provided by sun lamp with UV filter), the 
disinfection efficiency of S-TiOz, Cu20/P-25 and N-TiO! was improved. It is 
well-known that by increasing the UV-A intensity used, the PCO efficiency can be 
increased because UV-A intensity determines the amount of photon absorbed by the 
catalyst (So et al, 2002). As a result, more energy is available for the photocatalyst 
which increases and prolongs the formation of electron-hole pairs, generating more 
reactive oxygen species (ROS) for bacterial inactivation (Gumy et ah, 2006). Thus, a 
higher PCO efficiency is resulted. In this study, visible light was used instead of 
UV-A radiation and the results found that by increasing the visible light intensity for 
10 times, the disinfection efficiency was only improved in a small extent. The 
greatest improvement was found in using Cu20/P-25 on S. typhimurium, which was 
improved from 0.67 to 2.27-log inactivation. This is because visible light has a 
longer wavelength and thus, lower energy level than UV-A radiation. Therefore, 
even if the intensity of visible light has been increased for 10 times, it was still not 
energetic enough to activate the photocatalysts to cause a large increase in 
disinfection efficiency. 
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To further increase the visible light intensity, sunlight was also employed as a light 
source in this study to provide 153.03 mW/cm^ of visible light. As there were still 
small amount of UV radiations present after filtering with a filter, experiments were 
repeated using UV-A lamp to provide similar intensities of UV, so that the effect of 
UV radiations present can be eliminated (light intensities were listed in Table 4.6). It 
is known that sunlight is able to inactivate microorganisms due to the synergistic 
effect of UV radiations and heating of water by infra-red radiation (Rincon and 
Pulgarin, 2005, 2007). There are pasteurizing effects of solar radiation when 
temperature is higher than 45-50°C (Wegelin et al,’ 1994; McGuigan et aL, 1998). In 
this study, the temperature measured throughout the experiments varied from 
31-38°C, so thermal inactivation of bacterial would not occur during experiment. 
Besides, light control experiments of all the four selected bacteria showed no drop of 
bacterial population, implying that the remaining radiations under UV filter caused 
no harm to bacterial cells. Therefore, any change in cell viability during the 
experiments can be regarded as the effect of PCO reaction. For all the photocatalysts 
used under UV-A irradiation, net inactivation to the four bacteria was improved 
compared with that when using sun lamp with UV filter. This was due to the more 
energetic UV-A radiation compared with visible light, providing more energy for the 
generation of ROS during PCO reaction. When comparing the results with that of 
using sunlight with UV filter, Cu20/P-25, S-Ti02 and N-TiOz showed an extra 
improved inactivation, implying that they were capable of absorbing the increased 
intensity of visible light for PCO disinfection. On the other hand, bacterial 
inactivation by Si02-Ti02 under sunlight was not improved compared with that when 
using UV-A lamp, so this photocatalyst was not capable of utilizing visible light as 
the light source in PCO disinfection. Its improved inactivation effect was only due to 
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the presence of UV radiations present. Comparison of the disinfection abilities of the 
；J 
four photocatalysts under visible light was discussed in Section 5.4. 
Although the rate of PCO disinfection under visible light irradiation was much 
slower compared with that of using UV-A radiations with the same intensity, it is 
believed that disinfection can still be achieved if the time for PCO reaction is 
prolonged. This makes indoor disinfection by PCO become potentially practical as 
fluorescent lamps are commonly used in indoor environments. In addition, since 
visible light occupies a large part of solar spectrum, sunlight can thus be used as the 
light source for photocatalytic disinfection. This provides a cost-effective way of 
water disinfection which is important in areas where economic difficulty is the major 
problem for the lack of clean water. 
5.4 Comparison between different photocatalysts 
Among the photocatalysts used in this study, photocatalytic disinfection of the four 
bacteria showed the highest efficiency when using TiO! P-25 with UV-A irradiation 
(efficacy test). It is not surprising as P-25 has been proven to be an efficient 
photocatalyst by numerous researches. However, P-25 does not work under visible 
light irradiation due to its large band gap for excitation. In this study, disinfection 
efficiency of four modified photocatalysts under visible light irradiation was 
compared. Results showed that Cu20/P-25 generally showed better disinfection 
ability on the four selected bacteria even under a rather low intensity of visible light 
(5 mW/cm^). It also showed greater improvement of bacterial inactivation when 
higher intensities were applied. The band gap energy of CuiO is 2.0 eV (Ichihashi 
and Matsumura, 2001), which is rather low compared with that of TiOi. Thus, CU2O 
itself can be excited by visible light. By sensitizing with TiCh, the charge separation 
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in CU2O can be prolonged as the excited electron can be injected from CU2O into 
A 
Ti02. So both the electron in Ti02 and the hole in CU2O can generate hydroxyl 
radicals to generate photocatalytic activities. However, it should be noted that the 
dark control for S. typhimurium also found to drop. This can be due to adsorption of 
bacterial cells onto the photocatalyst surface, or toxicity of the photocatalyst. 
Discussion was made in Section 5.9. 
Beside Cu20/P-25, S-Ti02 and N-TiCh were also found to be capable of absorbing 
visible light for PCO disinfection, but they required a relatively higher light intensity 
to start the reaction (i.e. using sun lamp and sunlight). In S-Ti02, sulphur was doped 
as cation, in which the S^ "^  was replacing the Ti4+ in TiOi (Ohno, 2004; Yu et al.’ 
2005). It was believed that the mixing of S3p states with 02p state can result in the 
narrowing of band gap energy of the whole photocatalyst (Umebayashi et al., 2003; 
Yu et al., 2005). As a result, less energetic visible light can also excite the 
photocatalyst and produce hydroxyl radicals for bacterial inactivation. On the other 
hand, N-Ti02 has an anatase crystal structure with nitrogen atoms substituted into the 
oxygen sites of TiOz (Suda et al” 2004; Tokudome and Miyauchi, 2004). This 
narrows the band gap of N-Ti02, making it capable of absorbing visible light. 
Nevertheless, S-Ti02 and N-Ti02 required a higher light intensity to cause bacterial 
inactivation compared with Cu20/P-25. In addition, they required a much higher 
photocatalyst concentration (1,000 mg/L) to cause comparable disinfection results 
with CU2O/P-25 (100 mg/L). Thus, the abilities for S-TiOz and N-TiO� to absorb 
visible light for PCO reaction were lower than that of Cu20/P-25. The reason behind 
is that although the dopants could induce the absorption of visible light, they also 
serve as sites for electron-hole recombination due to the narrow band gap, leading to 
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low activities of the photocatalysts (Hu et al, 2006). Therefore, S-TiOz and N-TiOi 
needed a higher intensity of visible light to exert their disinfection effect. 
Si02-Ti02 was found to be less capable of absorbing visible light, even under very 
high intensity of sunlight. In Si02-Ti02, Ti02 was bond conjugated on the silica gel 
support by the Ti-O-Si cross-linking bonds. This conjugation results in a much faster 
sedimentation rate than P-25, allowing easy separation of catalyst from the treated 
sample (Hu et al., 2001; 2003). Since silica only acts as a support for TiO?， 
Si02-Ti02 actually can not absorb light in visible region and UV-A radiation is 
required for its excitation. However, results in this study found that even under 
UV-A irradiation, disinfection efficiency of Si02-Ti02 was still lower than the other 
three photocatalysts, except for B. pasteurii (Table 4.7). Hydroxyl groups (•OH) on 
Ti02 surface undergo acid-base equilibrium in different pH where TiOH2+ is 
predominant in acidic side and Ti-0" is predominant in alkaline side (Nohara et al., 
1997). As the isoelectric point of SiOz-TiO? is 3.00 pH units (Hu et al., 2001a, 2003), 
Tier group is predominant in pH >3 solution for Si02-Ti02 photocatalyst (Hu et al., 
2003). In this study, the pH of reaction mixture was about 7，so the surface charge of 
Si02-Ti02 was negative. On the other hand, due to the presence of proteins and other 
cell wall and cell membrane components which contain phosphate, carboxyl and 
other acidic groups, the surfaces of most bacterial cells are negatively charged. As a 
result, they would have a repulsive force to the negatively charged photocatalyst. 
This affects the adsorption of bacterial cells onto SiOz-TiOz surface, hindering the 
disinfection efficiency. Thus, Si02-Ti02 showed lower disinfection efficiency than 
CU2O/P-25, S-Ti02 and N-TiO� even under UV-A irradiation. 
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5.5 Optimization of photocatalytic disinfection conditions 
1 5.5.1 Effect of visible light intensities 
As discussed in Section 5.3, the disinfection efficiency of PCO increased when the 
light intensity increased. Results showed that sunlight with UV filter caused the 
greatest bacterial inactivation to all of the four selected bacteria (Figure 4.19). In 
most cases, around 3-5 log of bacterial reduction is regarded as sufficient in water 
disinfection, which is equivalent to 99.900-99.999% bacterial reduction (Watts et al., 
1995; Kuhn et al., 2003). Therefore, sunlight with UV filter was chosen as the light 
source in this study in order to cause a higher inactivation of bacteria, providing a 
higher quality of the treated water. 
5.5.2 Effect of photocatalyst concentrations 
From the results, it was found that either lower or higher concentration of 
photocatalyst decreased the disinfection ability of PCO (Figure 4.20). The reason for 
the poor performance when lower concentration of photocatalyst was used was 
simply due to the insufficient amount of photocatalyst in the reaction mixture. The 
lifetime of -OH is relatively short and they are unlikely to migrate far from the 
photocatalyst surface (Zhang et al., 1997), so the photocatalyst surface is believed to 
be the site for PCO reaction to occur. As the amount of photocatalyst was low, the 
area of the reaction surface was small, thus limiting the PCO reaction activity. 
On the other hand, when the concentration of photocatalyst became too high, the 
disinfection ability also dropped. It may be because higher concentration of 
photocatalysts increased the turbidity of the reaction mixture, reducing the light 
transmission through the solution (Saito et al.’ 1992; Habibi et al., 2001). Therefore, 
the PCO reaction activity was reduced as there was less energy for the formation 
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of •OH. Some previous studies also found that high concentration of photocatalyst 
was usually not favorable for PCO processes. At high concentration of photocatalyst, 
aggregated particles reduced the interfacial area between reaction solution and the 
photocatalyst. This reduced the number of active sites on the photocatalyst surface 
that available for oxidation (San et al., 2001). Thus, PCO efficiency was hindered 
when the concentration of photocatalyst used was too high. In this study, the optimal 
concentrations of Cu20/P-25 on each bacterium were found and finally complete 
inactivation was achieved after the optimal time of PCO reaction. 
5.6 Transmission electron microscopy (TEM) 
TEM was used to determine the internal structure of bacterial cells. A TEM shines a 
beam of electrons through the specimen, as the electrons pass through it is affected 
by the structures on the specimen. These effects result in only certain parts of the 
electrons being transmitted through certain parts of the specimen. Whatever part is 
transmitted is projected onto a phosphor screen for the user to see. The mechanism of 
TEM is very similar to conventional optical microscopy in which light beam is used 
instead of electrons. Because the wavelength of electrons is much smaller than that 
of light, the optimal resolution attainable for TEM images is many orders of 
magnitude better than that from a light microscope (Dawes, 1988). Therefore, it was 
employed to study the structural changes of the bacteria during PCO reaction. 
In this study, S. typhimurium and K. pneumoniae were used for the TEM study to 
illustrate the morphological changes of bacterial cells during PCO. They were chosen 
because the photocatalytic disinfection of these two bacteria was the fastest among 
the four bacteria, so the morphological changes of the bacterial cells could be easily 
observed under TEM. The TEM images obtained for S. typhimurium and K. 
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pneumoniae were similar. The appearance of electron-translucent regions in the 
cytoplasm was the first observable change in the morphology of the bacterial cells 
during PCO (Figures 4.2IB and 4.22B). This indicated that there were some 
intracellular components missing in the bacterial cells. The disappearance of the 
components was suspected to have two reasons: either being decomposed or leaked 
out. On the other hand, the cell wall structure of the bacterial cells remained intact, 
but only some small creases appeared on the cell envelope, which implied that the 
cell death was not due to disruption of cell wall. These findings were compatible 
with the results found in previous studies. The photocatalyst adsorbed onto the 
surface of the bacterial cells and the •OH formed firstly oxidize the outer membrane 
of the bacteria, resulting in the formation of pores on the cell wall structure (Cheng et 
al., 2007). Then the •OH penetrated through the bacterial cell wall and attack the cell 
membrane by lipid peroxidation (Maness et al., 1999). The breakage of the main 
permeability barrier of bacteria causes leakage of intracellular materials (including 
RNA, protein and minerals) and the loss of membrane-dependent respiratory 
activities. This accounts for the loss of cell viability and eventually death of bacterial 
cells is resulted. 
At the later stage of PCO disinfection process, when complete inactivation was 
achieved in the plate-counting test, bacterial cells were still observed under TEM, 
which only showed an increase in the area of the electron-translucent portions 
(Figures 4.2 IC and 4.22C). This also supported that the inactivation of bacteria by 
PCO was due to the loss of the intracellular components. Further prolonging the PCO 
reaction for 1 h after complete inactivation, the cell wall structure of the bacteria was 
not observed (Figures 4.21D and 4.22D). In PCO disinfection, cell wall destruction 
was believed to be a secondary phenomenon after the loss of cell viability (Maness et 
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al” 1999). Therefore, the experimental results in this study were compatible with this 
theory. 
In addition, despite the fact that some cell structures were still observed at the end of 
PCO reaction, as the PCO reaction continued, the number of observable cells under 
TEM was actually reduced. A previous study of Cheng et al. (2007) successfully 
demonstrated total disintegration of bacterial cells under TEM at the end of PCO 
reaction. Therefore, it is believed that by further prolonging the PCO reaction in this 
study, the ROS generated would continuously attack on the remaining part of the 
bacterial cells, causing complete disintegration of the cells. Eventually, only the 
photocatalysts can be observed under the TEM. 
5.7 Comparison between different bacterial species 
In this study, B. thuringiensis and B. pasteurii were found to be more resistant to 
PCO disinfection than S. typhimurium and K. pneumoniae. It was clearly shown in 
the PCO efficacy test (Figure 4.3)，in which complete inactivation of B. thuringiensis 
and B. pasteurii was achieved after 180 min of PCO, while 2.5 min of PCO was 
already enough for S. typhimurium and K. pneumoniae. In addition, K. pneumoniae 
always showed a higher resistance to PCO disinfection than S. typhimurium. 
Besides the general trends described above, results also showed that different 
bacteria responses differently towards the four photocatalysts. For instance, S-Ti02 
showed no bacterial inactivation to B. pasteurii under all light sources, while it was 
able to cause some inactivation to the other three bacteria under sunlight or UV-A 
irradiation (Table 4.7). Moreover, N-Ti02 showed little inactivation to the two 
Bacillus species using fluorescent lamps while the two Gram-negative bacteria were 
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unaffected (Table 4.4). Therefore, the susceptibilities of bacteria towards PCO were 
different and some possible factors were discussed in Section 5.8. 
5.8 Possible factors affecting susceptibility of bacteria towards PCO 
5.8.1 Formation of endospores 
One obvious finding in this study is that B. thuringiensis and B. pasteurii were 
always more resistant to PCO reaction than S. typhimurium and K. pneumoniae. 
Since the two bacteria are both from the Bacillus genus, they have the ability to form 
endospores under adverse conditions. Results confirmed that spores were formed by 
these two bacterial species and they were present in reaction mixture of PCO 
disinfection experiment (Figure 4.23). Spores are generally much more resistant to 
UV radiation and oxidizing agents than the growing cells of the same species (Setlow， 
2000). The presence of the thick proteinaceous spore coats can provide some 
protection to disinfectants (Riesenman and Nicholson, 2000; Setlow, 2000). In the 
present study, the PCO inactivation was enhanced when using the Bacillus sp. 
without spores (Figure 4.24). This proved that the presence of spores was one of the 
factors causing higher resistance of B. thuringiensis and B. pasteurii during PCO 
process. However, the cultures of B. thuringiensis and B. pasteurii without spores 
still showed greater resistance to PCO disinfection than S. typhimurium and K. 
pneumoniae. There were other factors affecting the susceptibility of different bacteria 
to PCO. 
5.8.2 Differences in cell wall structure 
Previous studies found that different Gram-type may affect the response of bacteria 
towards PCO. Kiihn et al. (2003) related the reduction efficiency of bacteria to the 
complexity and density of their cell wall. They found that Gram-negative bacteria, 
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having thin and slack cell walls, had a larger reduction in population, while 
Gram-positive bacteria, having thinker and denser cell walls, were more resistant to 
PCO inactivation (Ktihn et al., 2003). Similar results were also found by Lonnen et 
al. (2005) who suggested that cells with thick and dense walls are more able to resist 
the attack by •OH (Lonnen et al.’ 2005). The results in the present study agreed with 
these findings. Nevertheless, opposite results were obtained in other studies. Villen et 
al. (2006) found that the inactivation of E. coli was lower than Enterococcus faecalis. 
They suggested that Gram-negative bacteria have a lipopolysaccharide (LPS) outer 
membrane, which is a physicochemical protection that the ROS must penetrate to 
interact with the cell membrane, offering some protection from external toxic agents 
(Sunada et al.’ 2003; Villen et al.’ 2006). Therefore, the rate of PCO disinfection did 
not depend solely on the differences in cell wall or cell membrane components 
between Gram-positive and Gram-negative bacteria. 
Besides, the PCO inactivation of the two Gram-negative bacteria in this study also 
showed difference in their response. K. pneumoniae always showed a higher 
resistance to PCO disinfection than S. typhimurium. The main difference between the 
cell wall structures of these two bacteria is that the outermost layer of Klebsiella 
bacteria consists of a large polysaccharide capsule (Grimont and Grimont, 2005). 
The capsular material forms thick bundles of fibrillous structures covering the 
bacterial surface in massive layers (Amako et al., 1988)，which protects the 
bacterium from phagocytosis by polymorphonuclear granulocytes (Podschun and 
Ullmann, 1992) and prevents killing of the bacteria by bactericidal serum factors 
(Williams et al” 1983). Therefore, it was believed that the capsule in K. pneumoniae 
also provided resistance to ROS, making it less susceptible to PCO disinfection 
compared with S. typhimurium. 
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5.8.3 SOD and CAT activities 
Another possible factor is the mechanisms for different bacteria to defend against 
oxidative stress. For example, superoxide dismutase (SOD) is an enzyme that convert 
superoxide radical (•O2') into hydrogen peroxide (H2O2), while catalase (CAT) is an 
enzyme that convert H2O2 into oxygen and water (Bruno-Barcena et al., 2004; Kim 
et al., 2004; Rochat et al” 2005). Different bacteria may have different amount of 
these two enzymes as well as other defense mechanisms to resist the attack of ROS, 
resulting in different susceptibility towards PCO reaction. 
In this study, the activities of SOD and CAT in the four selected bacteria before PCO 
treatment were determined. For the SOD activities, a general trend was found in 
which with a lower SOD activity, more bacterial inactivation was resulted by PCO 
reaction, but this correlation was not strong (Table 4.9). SOD converts •O2" into H2O2, 
thus removing the '02" generated in PCO reaction. However, the inactivating 
mechanism of PCO is not only relying on the action of •O2. Other ROS also play a 
role in the oxidation of bacterial cell membrane, especially for •OH, which is 
believed to be responsible for the toxic effect towards microorganisms (Blake et al, 
1999; Vohra et al” 2005; Rincon and Pulgarin, 2007). Although -Oi" was removed 
by SOD, H2O2 was produced instead. H2O2 was a ROS which also exerted oxidative 
damage to bacterial cells. Moreover, H2O2 also involved in the formation of -OH 
during PCO reaction (Equation 1.11), thus enhancing the inactivation power of PCO. 
Therefore, SOD might not help the bacteria resisting the attack of PCO reaction. This 
accounts for the poor correlation between the SOD activities and the resistance of the 
bacteria to PCO reaction. 
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For CAT, a general trend was also found in which a lower CAT activity would result 
in more bacterial inactivation by PCO reaction (Table 4.10). CAT converts H2O2 into 
oxygen and water. Therefore in the presence of CAT, bacteria can resist the attack 
H2O2 as well as prevent the formation of the more reactive and damaging •OH. Since 
the conversion of H2O2 by CAT does not produce any other ROS, the action of CAT 
would definitely inhibit the inactivation of bacteria by PCO. In other words, SOD is 
useful in resisting PCO inactivation only if CAT is present, as CAT can remove the 
H2O2 produced by SOD. However, beside the presence of CAT, there were other 
factors affecting the susceptibility of the bacteria towards PCO. This explains the 
poor correlation between the CAT activities and bacterial inactivation found in this 
study. 
5.9 Dark control ofCuiO/P-lS 
In this study, Cu20/P-25 was found to be the most effective photocatalyst in bacterial 
inactivation under visible light irradiation, so it was used for the optimization and 
TEM studies. However, the dark control of Cu20/P-25 to S. typhimurium was found 
to decline gradually with time (Figure 4.5 and Table 4.3). This decline in cell 
viability was also found to increase when a higher concentration of Cu20/P-25 was 
used. This effect was suspected either due to the toxicity of the photocatalyst, or 
adsorption of bacterial cells onto the photocatalyst surface, 
It is well known that TiO: P-25 was non-toxic (Belhacova et al., 1999). Moreover, 
the dark control of P-25 in this study showed no toxic effect to S. typhimurium 
(Figure 4.1). If Cu20/P-25 really exerted toxic effect to S. typhimurium, it should be 
the CU2O that caused the drop of cell viability in dark control experiments. CU2O is a 
water-insoluble substance commonly used as antifouling paint for ships' hulls. It is 
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toxic in which the LD50 of oral toxicity for rat is 470 mg/kg (Material Safety Data 
Sheet (MSDS), 2007). Therefore, it is reasonably that the decrease in cell viability in 
the dark control of S. typhimurium was due to the toxic effect of CU2O in the 
photocatalyst. 
On the other hand, the adsorption of bacterial cells onto CU2O surface was also a 
possible reason for the decline in dark control. Since direct contact of bacterial cells 
and photocatalyst particles is required for heterogeneous photocatalytic processes 
(Saito et al.’ 1992; Maness et al., 1999)，the ability of bacterial cells adsorbed onto 
the photocatalyst surface is a key factor on the PCO disinfection efficiency. The 
extent of adsorption depends on the surface charge and hydrophobicity of different 
bacterial cell surface (Gilbert et al., 1991). This explained the reason why among the 
four selected bacteria, only S. typhimurium showed a decrease in cell viability in dark 
control. 
5.10 Studies on CuzO/P-lS 
No matter which reason caused the drop of cell viability in the dark control, in real 
application, the photocatalyst should be removed after the water treatment. Therefore, 
the treated water would be free of CU2O, either in a form of toxicant or adsorbent. 
However, if copper ions were dissolved in water during treatment process, it may 
also cause adverse effect to the environment. As a result, atomic absorption 
spectrophotometry (AAS) was used in this study to determine the amount of copper 
ions present in the water sample. Results found that the amount of copper ions varied 
during the preparation process of the PCO reaction mixture. It was found that 
sonication of the reaction mixture caused a drastic increase in the amount of copper 
ions in the reaction mixture but it decreased in the later process to normal level 
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(Table 4.11). Sonication is an application of ultrasound energy to agitate particles in 
a sample. Therefore, during this process, the CuiO would be detached from the 
surface of P-25. Some Cu+ would be oxidized to Cu^^ ions which are soluble in water. 
Therefore, an increase amount of total copper ions was found in the reaction mixture 
after sonication. However, this increase in copper ions level disappeared in the later 
part of the preparation process and returned to normal level before using it for PCO 
reaction. It was suspected that the copper ions in the reaction mixture were 
re^adsorbed onto the photocatalyst so that the copper ions content measured by AAS 
decreased. Moreover, after irradiating the reaction mixture with visible light for 5 h, 
the amount of copper ions remained nearly the same as that of 0.9% NaCl solution 
(Table 4.11). So it was believed that the amount of copper ions in the reaction 
mixture after PCO treatment using Cu20/P-25 would not cause toxic effect to the 
environment. 
In addition, the appearances of Cu20/P-25 in different steps of preparation process 
were also different (Figure 4.25). The initial colour of Cu20/P-25 was black purple in 
colour, but the photocatalyst after the first sonication became yellowish brown and 
the colour became darker in the later steps. The contents of these photocatalyst 
samples were studied using X-ray photoelectron spectrometry (XPS). Results 
showed that the copper contents in these samples varied in different oxidation states 
(Table 4.12). Oxidation and reduction of copper were continuously occurring during 
the preparation process. Comparing the initial sample of Cu20/P-25 (Sample 1) with 
the reaction mixture that was ready for use in PCO (Sample 3), a general trend was 
found in which the Cu° was decreased while Cu+ and Cu^^ were increased. This 
indicated that copper in the photocatalyst was oxidized during the preparation of the 
reaction mixture, which also supported that Cu+ in the photocatalyst were oxidized 
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into Cu2+ which dissolved into the reaction mixture, causing an increase in the 
amount of copper measured by AAS. However, when look into the results in 
different samples, there was a wide variation in the weight % of copper contents and 
the trend described before was not obvious. This may be due to the uneven 
distribution of CU2O coated on the surface of P-25 during preparation process, 
causing different amount of copper exited in each sample. Thus, the weight % of 
copper in the samples was different, affecting the measured percentage of copper 
ions in each sample. In fact, the amount of CU2O coated on the surface of P-25 would 
also affect the disinfection ability of the photocatalyst. Therefore, further studies on 
the preparation process of the photocatalysts were necessary to improve the 
disinfection ability of the photocatalyst. 
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6. Conclusion 
Photocatalytic oxidation (PCO) has been accepted as a promising way of water 
disinfection. In this study, four bacteria isolated from the Shatin Sewage Treatment 
Works (Hong Kong SAR, China) were chosen to demonstrate the disinfection of 
wastewater bacteria. They included two Gram-negative bacteria, Salmonella 
typhimurium and Klebsiella pneumoniae, and Gram-positive bacteria, Bacillus 
thuringiensis and Bacillus pasteurii. Efficacy test showed that all of the four selected 
bacteria were susceptible to PCO disinfection, in which complete inactivation of S. 
typhimurium and K. pneumoniae was achieved after 2.5 min, while for B. 
thuringiensis and B. pasteurii, 180 min was needed. Therefore, they were suitable to 
be used for studying the possibility of using visible light as a light source in PCO 
disinfection. 
Different intensities of visible light were provided by three different light sources, 
2 2 including fluorescent lamps (5 mW/cm )，sun lamp (50 mW/cm ) and sunlight 
(153.03 mW/cm^). Results found that by increasing the visible light intensity, PCO 
disinfection efficiency was increased. A high intensity increased the amount of 
photon absorbed by the photocatalyst, resulting in more energy available for the 
photocatalyst to generate more reactive oxygen species (ROS). Among the four 
modified photocatalysts used in this study (i.e. Cu20/P-25, S-TiO�，N-Ti02 and 
Si02-Ti02)，CU2O/P-25, S-Ti02 and N-TiO: were found to be capable of absorbing 
visible light for PCO disinfection, while Si02-Ti02 did not. Therefore, indoor 
disinfection by PCO is potentially practical as fluorescent lamps are commonly used 
in indoor environments. In addition, sunlight can also be used as the light source for 
PCO disinfection, which provides a cost-effective way of water disinfection in areas 
where economic difficulty is the major problem for the lack of clean water. 
107 
Comparing the four modified photocatalysts, Cu20/P-25 generally showed better 
disinfection ability on the four selected bacteria under different light sources. The 
low band gap energy of CU2O enabled it to be excited by visible light. The excited 
electron was injected from CU2O into TiO� for the generation of hydroxyl radicals 
(•OH), resulting in a higher activity under visible light irradiation. S-Ti02 and 
N-Ti02 were found to be capable of absorbing visible light for PCO disinfection 
under a higher intensity of visible light irradiation. Although non-metal doping 
narrowed the band gap energy of the photocatalysts, they also serve as sites for 
electron-hole recombination due to the narrow band gap. On the other hand, 
Si02-Ti02 was found to be not capable of absorbing visible light as the silica in 
Si02-Ti02 only acts as a support for TiOi. 
Optimization of PCO conditions was done to increase the disinfection efficiency of 
PCO under visible light irradiation. Sunlight with UV filter was used as the light 
source and Cu20/P-25 was used as the photocatalyst as they caused the greatest 
bacterial inactivation to all of the four selected bacteria. The optimal concentration of 
CU2O/P-25 for disinfecting S. typhimurium and B. pasteurii at an initial cell viability 
of 104 cfu/mL was 200 mg/L, while that for K. pneumoniae and B. thuringiensis was 
50 mg/L. Complete inactivation of S. typhimurium, K. pneumoniae, B. thuringiensis 
and B. pasteurii was achieved after 30，120，300 and 360 min of PCO reaction 
respectively. 
TEM was used to study the structural changes of S. typhimurium and K. pneumoniae 
during PCO reaction under optimized conditions. In the early stage of photocatalytic 
disinfection, some electron-translucent regions were appeared in the cytoplasm while 
the cell wall structure remained intact. It was believed that the •OH generated on the 
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surface of photocatalyst penetrated through the bacterial cell wall and attack the cell 
membrane by lipid peroxidation, causing breakage of the main permeability barrier 
and leakage of intracellular materials. At the later stage of photocatalytic disinfection 
process, bacterial cells were still observed with an increased area of the 
electron-translucent portions. Further prolonging the PCO reaction for 1 h after 
complete inactivation, the cell wall structure of the bacteria was disappeared. 
Therefore, cell wall destruction was believed to be a secondary phenomenon after the 
loss of cell viability in photocatalytic disinfection. 
In this study, B. thuringiensis and B. pasteurii were found to be more resistant to 
photocatalytic disinfection than S. typhimurium and K. pneumoniae, while K. 
pneumoniae always showed a higher resistance to PCO disinfection than S. 
typhimurium. Some possible factors affecting the susceptibilities of different bacteria 
towards PCO disinfection were studied. Results of spore staining confirmed the 
presence of spores in the culture of the two Bacillus spp., causing a higher resistance 
to PCO than the other two bacteria as the thick proteinaceous spore coats made the 
spores much more resistant to oxidizing agents. SOD and CAT activities in the four 
bacteria were also determined. A general trend was found in which the lower the 
activity of these enzymes, the more bacterial inactivation was resulted by PCO 
reaction. However, this correlation was not strong in results of this study. There were 
other factors affecting the susceptibility of the bacteria towards PCO which required 
further investigations. 
The amount of copper present in the water sample after PCO treatment was measured 
by atomic absorption spectrophotometry. Results showed that after irradiating the 
reaction mixture with visible light for 5 h, the amount of copper ions remained nearly 
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the same as that of 0.9% NaCl solution. So it was believed that the amount of copper 
ions in the reaction mixture after PCO treatment using Cu20/P-25 would not cause 
toxic effect to the environment. 
In this study, photocatalytic disinfection of wastewater bacteria under visible light 
irradiation was successfully demonstrated. Therefore, the use of sunlight for PCO 
treatment of wastewater is theoretically practical. Very often, the countries with the 
most serious safe water supply problems are among the sunniest in the world. Thus, 
water disinfection by PCO using sunlight is practically suitable for these countries. 
However, there are many problems that need to be considered before applying the 
technique in real situations. The first one is the location of the sewage treatment plant. 
Since the disinfection efficiency of PCO depends on the light intensity, the sewage 
treatment plant should be located at a position that received a constantly high 
intensity of sunlight. The second problem is the design of the PCO reactor. In order 
to treat a large quantity of sewage, it is important to design a large reactor to hold the 
wastewater for PCO treatment. Moreover, the reactor should be well-designed to 
match with the environment and to increase the disinfection efficiency of the system. 
The treatment plant should also be equipped with UV-A lamps so that the treatment 
process can be continued after sunset and in case of the non-sunny weather. 
Besides, there are also problems about the use of PCO for disinfection in real 
application. Firstly, in addition to bacteria, wastewater usually contains some organic 
and other microorganisms. Since the attack of ROS produced from PCO is 
non-selective, PCO will also degrade these matters, which is an advantage over other 
disinfection methods. However, it should be noted that the ROS available for the 
disinfection of bacteria will be reduced, lowering the disinfection efficiency of the 
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PCO reaction. It is known that inorganic matters would reduce the efficiency of 
photocatalytic disinfection, so the presence of inorganic matters in wastewater should 
also be to take into consideration. Secondly, the photocatalysts should be removed 
from the treated water after the disinfection process for recycling and reuse. This 
may increase the cost for the treatment process. Thirdly, disinfection by PCO does 
not possess residual effect to the treated water, so the addition of chlorine should be 
considered after the PCO treatment in order to prevent the re-entry of bacteria into 
the treated water. 
In addition, the use of visible light in PCO reaction makes indoor disinfection using 
fluorescent lamps possible. This is beneficial as fluorescent lamps are commonly 
installed in indoor environment. However, as the light intensity of fluorescent lamps 
is usually low, it may take a longer time for disinfection. The scale for the treatment 
system is also constricted. Further investigation is required to explore the application 
of PCO disinfection in indoor environment using visible light. 
I l l 
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8. Appendix 
8.1 Production ofS-TiOz (Yu et al.’ 2005) 
A 3 g sample of HO(CH2CH2O)20(CH2CH(CH3)O)70(CH2CH2O)20H and thiourea 
(the sulphur source) were dissolved in 170 mL absolute ethanol under vigorous 
stirring. Then a Ti precursor solution (prepared by mixing 0.02 mol of titanium 
tetraisopropoxide (Ti(OCH(CH3)2)4，TTIP), 0.01 mol of acetypacetone, and 30 mL of 
ethanol) was mixed with the above solution, and the resulting solution was stirred for 
2 h. The solution obtained was hydrolyzed in an acidic medium (pH 1-2 as controlled 
by the addition of diluted HCl). After being stirred for 3 h, the sol solution was dried 
at 100°C for 24 h to obtain a gel, then thermal-treated in air at a heating rate of 
3°C/min, and kept at 500°C for 1 h to remove the PI23 triblock copolymer template. 
The solid was ground to a powder with an agate mortar. 
8.2 Production ofSiOl-TiO： (Hu et al,, 2001) 
Silica gel was dried and impregnated with cyclohexane solution of Ti(OC4H9)4 for 15 
h. After the sysclohexane solvent was completely vaporized at 313°K, the silica gel 
was dried at 393°K for 6 h, and calcined in air in the following three steps: 473°K for 
1 h, 623°K for 1 h and then 723°K for 8 h. The sample was then cooled to room 
temperature (298 °K). 
8.3 Production of N-TiCh 
The synthesis of nitrogen-doped Ti02 was straightforward, simply by the sol-gel 
route. 6 g urea was dissolved in 40 ml absolute ethanol and was stirred for 30 s. Then, 
5.3 ml (0.018 mol) TTIP were added. After stirring gently for a further 30 s, HCl (37 
%) were added to the solutions and they were stirred overnight. The sols were 
allowed to dry at 50°C for 3 h and were subsequently calcined at 400°C for 2 h. The 
sample was then cooled to room temperature (25 °C). 
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